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ABSTRACT 
The objective of this study is to improve the catalytic performance of silica-supported 
Fischer-Tropsch cobalt based catalyst. Iron and nickel catalyst were also briefly studied.  
Initial work focused on synthesis of porous silica via oxidative thermal decomposition of 
polydimethylsiloxane (PDMS) and its characterisation. It was shown that PDMS undergoes at 
least two thermal degradation steps to form silica powder. It was also demonstrated that 
increase in isothermal time at constant temperature and increase in temperature at constant 
time could be used to tune the surface area and pore volume of the synthesized silica powder.  
Subsequently, a novel one pot technique called the swelling in method (SIM) was developed, 
and employed to synthesize silica-supported cobalt, iron and nickel based Fischer-Tropsch 
catalyst. The results of silica-supported cobalt based catalyst prepared by the swelling in 
method were compared with those synthesized by incipient wet impregnation method. The 
colloidal method was also combined with the swelling in method to prepare silica-supported 
cobalt nanoparticles catalyst. 
Characterisation of cobalt, iron and nickel based catalyst prepared by the swelling in method 
showed that PDMS as the initial catalyst support converted to silica powder after oxidative 
calcination. Physicochemical properties of silica-supported cobalt, iron and nickel catalyst 
prepared by the swelling in method suggest that the oxides of each metal were present inside 
the silica pores while cobalt based catalyst prepared by the same method had better surface 
area and pore volume compared to the catalyst synthesized by the incipient wetness 
impregnation technique.  
Catalytic performance of the catalyst synthesized by the swelling in and incipient wetness 
methods were studied in High Temperature Fischer-Tropsch synthesis reaction condition. 
IV 
 
The results showed that silica-supported cobalt based catalyst prepared by the swelling in 
method was overall more active, generated less methane and less susceptible to deactivation 
by sintering and carbon deposition when compared to the catalyst prepared by the 
impregnation technique. Silica-supported cobalt nanoparticles catalyst had the best catalytic 
activity in comparison to all the catalyst studied in this work. Silica-supported cobalt based 
catalyst prepared by the swelling in method using cobalt nitrate exhibited the best catalytic 
activity while the catalyst synthesized from cobalt acetate had the least activity. The addition 
of ruthenium to silica-supported cobalt catalyst contributed in minimising the formation of 
methane when compared to the catalyst without ruthenium. Silica-supported iron and nickel 
based catalyst showed reasonable catalytic activity, and as expected the amount of methane 
generated by nickel catalyst was relatively very high compared to all the catalyst studied in 
this thesis.       
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CHAPTER 1  
Introduction 
 
       
This chapter covers the background, overview, overall objective as well as the specific 
objectives of this research work. 
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1.1. Background  
At the present time there is scientific agreement about the damage caused by carbon dioxide 
and other greenhouse gases to the environment as a result of world dependence on fossil fuels 
to generate energy [1]. In 2009 fossil fuels generated almost 80% of the 16 terawatts (TW) of 
energy used worldwide with its combustion releasing about 7.8 billion metric tons of carbon 
[2]. These numbers are set to ascend due to population growth, regardless of invented 
technologies aimed to encourage efficient use of energy [3, 4]. To overcome this enormous 
challenge, it is expedient to introduce a range of new CO2 constrained technologies for 
energy supplies [1, 5].   
Biofuels have emerged as a viable solution to this problem. European countries commitments 
to the Kyoto protocol have also made biofuels development a priority as to achieve the 
indented targets for energy policies and emission reduction. This focus on renewable energy 
production aims to establish sustainable and an environmentally green source of energy for 
the industry and consumer societies [5].  
First generation biofuels consisting of biodiesel and bioethanol have received substantial 
attention, but the competition between first generation biofuels and the food production 
industries over the issues for feedstocks availability as well as the possible increase in food 
prices due to the use of these materials for fuel production, has left serious questions over this 
innovation [6] .      
Meanwhile, second generation biofuels produced from agricultural lignocellulosic biomass, 
which is derived from a variety of waste materials as feed-stocks, can help to resolve the 
issue of increase in food prices and to ensure sustainable production of biofuels. Large scale 
production of second generation biofuels is potentially comparable with standard petrol, 
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diesel and could be a very cost effective route to generate low carbon and renewable energy 
as transportation fuel [6]. 
Fischer-Tropsch Synthesis (FTS), which involves the transformation of a synthesis gas 
mixture (CO + H2) into liquid hydrocarbon, is one feasible route of producing second 
generation biofuels. These fuels are potential alternative to fossil fuels which are globally 
known for CO2 emission [1, 5].  
Cobalt, iron and nickel in descending order have been proposed as catalysts for FT synthesis. 
Cobalt has received the most attention due to its high activity and selectivity towards linear 
hydrocarbons, high resistance to deactivation as well as low activity in respect to the water 
gas shift reaction, while on the other hand, nickel is least recommended because of its high 
methane formation [7, 8]. It has been extensively reported that the performance of these 
supported catalysts in Fischer-Tropsch synthesis strongly depends on their routes of 
preparation. Meanwhile, as Fischer-Tropsch reaction are highly exothermic, there is the 
possible problem of catalyst deactivation such as sintering while on stream which presents 
the challenge for catalyst stability and lifetime [8, 9]. As such, research is still needed in 
developing an innovative and robust route to synthesize these catalysts and also to carry out 
their characterisation. 
In the last decade, various methods such as vapor-deposition, impregnation, plasma, co-
precipitation and gas-phase incorporation have been reported for the design of silica-
supported cobalt, iron and nickel catalysts for Fischer-Tropsch synthesis [10-16]. However, 
the vast majority of these catalysts focused on the conventional impregnation method [12, 13, 
15, 16]. While most of these reported approaches seem very promising, it cannot be disputed 
that they are very time consuming, with lengthy periods of drying and the apparent problem 
of catalyst deactivation caused by calcination is still not being addressed. 
Chapter 1                                                                                                                  Introduction  
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In this research work, we report a facile and novel one-step process called the swelling in 
method (SIM) for the synthesis and characterisation of silica-supported cobalt, iron as well as 
nickel catalysts for Fischer-Tropsch synthesis. This method and the incipient wetness 
impregnation technique were used to prepare and characterise 2.5wt.%, 5wt.% and 10wt.% 
Co/SiO2 using three types of cobalt precursors. Fischer-Tropsch synthesis was used to 
compare the performance of the catalysts synthesized via both methods. The swelling in 
method was also used to prepare and characterise iron and nickel based silica-supported 
catalysts and their catalytic performance were investigated using Fischer-Tropsch synthesis. 
Finally, the swelling in method was combined with the bottom up approach to synthesis and 
characterise 2.5wt%, 5wt% and 10wt% silica-supported cobalt nanoparticles. Fischer-
Tropsch synthesis was also used to test the performance of these catalysts.  
 
1.2. Overview  
This work was motivated by the need to enhance stability and life time of catalysts used for 
Fischer-Tropsch synthesis. This need instigated our quest for an alternative and innovative 
route of preparing these catalysts. Although, iron and nickel metals were employed in this 
work, the entirety of this project was centred around cobalt based catalyst for Fischer-
Tropsch  synthesis. 
At the beginning of this research, an extensive study on the thermal synthesis and 
characterisation of porous silica via oxidative decomposition of polydimethylsiloxane 
(PDMS) was carried out. Thermogravimetry (TG) was used to investigate the degradation 
profile of this polymer at different temperature and time. Attenuated Total Reflectance 
Fourier Transform Infrared Spectroscopy (ATR-FTIR), Powder X-ray diffraction (p-XRD) 
and N2 adsorption were used to characterise the prepared silica. This route of preparing silica 
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powder was considered to have potential application for a one step synthesis of silica-
supported catalyst for Fischer-Tropsch synthesis.    
Subsequently, the focus was aimed at the development of a novel one step technique called 
the swelling in method (SIM) which was used to synthesis various amounts (wt.%) of 
Co/SiO2 catalysts using different precursors, different weight percent of Fe/SiO2 and Ni/SiO2 
catalysts were also prepared through this route. For the purpose of comparison, Co/SiO2 
catalysts were prepared by incipient wetness impregnation procedure. The bottom up 
approach coupled with the developed method (SIM) was used to prepare another set of 
Co/SiO2 catalyst. All the prepared catalysts were characterised by FTIR, XRD, TG and N2 
physisorption. The Mass Spectrometry was used to screen the catalytic performance of the 
catalysts. 
Finally, some of the cobalt based catalyst prepared by the swelling in method was calcined in 
vacuum under the flow of nitrogen instead of air so as to monitor the effect of calcination 
environment on the catalyst support. These catalysts were characterised and tested for 
catalytic performance. Data collection and review was carried out while repeat experiments 
were performed for confirmation of generated data.   
                         
1.3. Research objective 
1.3.1. Overall objectives  
To improve the catalytic performance of silica-supported cobalt based catalyst for Fischer-
Tropsch synthesis.  
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1.3.2. Specific objective 
1. To synthesis and characterise porous silica powder as catalyst support via thermal 
oxidative degradation of PDMS. 
2. To employ an alternative method for the synthesis of silica-supported cobalt based catalyst. 
3. To use the incipient wetness impregnation method to prepare Co/SiO2 catalyst as a control.   
4. To characterise and compare the catalytic performance of the various catalysts synthesized 
via both methods using Fischer-Tropsch synthesis.  
5. To use the swelling in method to prepare some ruthenium promoted silica-supported cobalt 
catalyst and compare their catalytic performance with the catalyst without ruthenium.    
6. To use the swelling in method in synthesizing other group 8 metals based silica-supported 
catalysts.  
7. To characterise the group 8 metals based silica-supported catalysts and test their catalytic 
behaviour using Fischer-Tropsch synthesis.   
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CHAPTER 2  
Literature review  
       
This chapter covers discussion on biofuels, second generation biofuels, lignocellulosic 
feedstocks as biomass as well as their thermochemical conversion routes for the production 
of second generation biofuels. Detailed review on Fischer-Tropsch Synthesis which includes 
brief history, the chemistry, FT catalysts and modes of operation; active sites and reduction of 
cobalt and iron based FT catalysts, product selectivity and distribution and also performance 
enhancement and deactivation of cobalt and iron catalysts. Finally the synthesis and 
characterisation of silica-supported Co, Fe and Ni catalysts were discussed as well.    
 
 
 
 
 
 
Chapter 2                                                                                                           Literature review  
10 
 
2.1. Biofuels 
The global relevance of biofuels as a viable alternative to the use of fossil fuels for the 
generation of energy is extensively documented in the literature [1-17]. Presently, 80% of the 
primary energy consumed worldwide is generated from fossil fuels with the transport sector 
using up 58%. While the sources of these fuels are not infinite, current research has also 
shown that their burning is a massive contributor to the rising level of atmospheric CO2 
which is directly responsible for global warming [2, 15, 16]. The demand for energy 
consumption is on the increase and the production of energy from fossil fuels is declining at 
the rate of 4-5% every year while it has been predicted that the world manufacture of oil is 
expected to peak and obviously plateau in years to come [14, 18]. 
Biofuels which refer to liquid, solid and gas fuels that are mainly obtained from biomass have 
favourable features such as degradability, renewability and its quality blends well with 
exhaust gases. Moreover, they could generate new sources of income as well as employment 
avenues in remote areas but most importantly, they have the capacity to reduce CO2 emission 
because the crops used for their production consume CO2 during growth [19]. Between the 
early eighties of the 20
th
 century and 2005, the global production of biofuels increased from 
4.4 to 50.1 billion litres with a future increase expected. In 2010 worldwide production of 
biofuels exceeded 105 billion litres, this increase represents 17% of what was produced in 
2009 with 2.7% directed towards transportation fuels [14, 20-22]. The European Union being 
the third largest producers of biofuels in the world is set to increase its share of production 
from five percent to ten percent by 2020. Meanwhile, in the “renewable energy directive” 
(2009/28/EU) a set of criteria have been put in place by the EU to consolidate the 
consumption and production of biofuels so as to make it a sustainable industry [14, 23]. Baka 
et al. [24] in an evaluation study, estimated that approximately 26% of fossil fuels currently 
used in Europe could be replaced by biofuels. Series of studies have also been published by 
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the European Environment Agency (EEA) stating the EU capacity to produce enough 
biomass for the generation of biofuels [25]. 
According to the type of feedstock and route of conversion, biofuels can be broadly classified 
as first, second, third and fourth generation biofuels [26, 27].  
 
2.2. Generations of biofuels  
Recent publications generally classify biofuels into first, second, third and fourth generation 
biofuels [26, 27]. First generation biofuels which consist of bioethanol, biodiesel and biogas 
are usually produced from sugar containing plants, grains or seeds with a fairly easy route to 
obtain the finished product of fuels. Today 1
st
 generation biofuels have gone commercial with 
almost 50 billion litres produced every year, this type of fuel has the capacity to be 
combusted in existing internal combustion engines, mixed with gasoline based fuels and 
applied in existing natural gas or alternative technology. High proportion bioethanol blend 
commonly called E85 (85% ethanol and 15% petrol) is used in flexible fuel vehicles (FFVs) 
and can be purchased in several petrol stations in the UK [28], but it has been reported by 
Balat et al. [29] that this bioethanol is hygroscopic making its use quite discouraging as 
transport fuel. It has been documented that in cold weather fuel filter plugging occurs with 
biodiesel blends as the presence of wax and water can cause precipitation coupled with the 
problem of faster solution drop out of glycerin and sterol glycosides particulates [30]. 1
st
 
generation biofuels could as well offer some benefits in cutting CO2 emissions and help in 
supporting energy security on a domestic level [3, 14]. But in spite of some of the promises 
offered by fuels of this type, there seems to be grievous concerns by scientist which are 
centred on the argument of food against fuel, attributing hikes in food prices being mainly 
due to increased manufacturing of these fuels. Rolz et al. [30] studied ethanol production 
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from sugarcane at different maturity levels and it was discovered that better ethanol yield 
could only be obtained after 300 – 325 days of planting. Nabi and Co-workers [32] 
synthesized 77% biodiesel yield with 20% methanol in the presence of 0.5% NaOH from 
cottonseed oil, they discovered that the biodiesel mixtures contained particulate matters with 
exhaust smoke and a  slight increase in NOx emission. Recently, Yusuf et al. [33] reported 
that 95% of 1
st
 generation biodiesel is produced from edible oil which means food resources 
are being used as transportation fuels. Meanwhile, it has been suggested that biodiesel is not 
technologically cost efficient in tackling CO2 emission. Hence, it is proposed that a more 
reliable and sustained alternative which depends on both renewable and conventional 
technologies be invented for the reduction of greenhouse gases [3, 21]. 
Second generation biofuels which are produced from non-food produce such as farm 
residues, wood and waste from organic and food crops have been developed to mitigate the 
limitations of first generation biofuels [2]. Detailed discussion on this type of biofuel will be 
presented in subsequent section. Third generation biofuels which are derived from microbes, 
microalgae and also free from the problems associated with 1
st
 generation biofuels have been 
recommended as an alternative source to generate energy [14, 27, 34]. Microalgae biofuels 
made up mainly of bio-methane, bio-oil as well as bio-diesel and bioethanol have the 
prospect of bringing about diversification of the global sector of renewable energy. Besides, 
microalgae are a unique feedstock for producing bioethanol. Huang et al. [35] reported the 
production of microbial oil from sulphuric acid-treated waste rice straw but it was reported 
that due to the presence of toxicants, the lipid yield from the as treated rice straw was quite 
poor. Zhu et al. [36] worked on production of microbial biofuel from waste molasses and 
found out that lipids produced in this microbial biomass can be used for biodiesel production. 
Widjaja et al. [37] showed that starving algae of a suitable source of nitrogen, produces 
mainly oil which are useful for conversion to biodiesel. Svetlana et al. [38] emphasized that 
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biofuels made from algae are the next big thing on the alternative energy agenda but 
questioned if this group of biofuel can liberate man from the addiction to petroleum. 
Although, this category of biofuels looks prospective, research has shown that their 
conversion routes are excessively expensive and challenging and there are very little 
industries set up to produce biofuel from microalgae [27, 39, 40]. Fourth generation biofuels 
comprise mainly capturing and storing CO2. This technology makes generated fuels not only 
carbon neutral but also carbon negative [41, 42], but it has been reported that the route 
employed in confiscating the CO2 is still very much at its early stage, it is quite cost intensive 
and its environmental impacts are still uncertain [43-45]. De Coninck et al. [46] reported that 
even after some successful research and development in this technology, public funds seem to 
be on the decrease while private stakeholders consider it too expensive and risky to 
implement in the short run. It was documented by Van Alphen et al [47] that the capture 
process is one of the most challenging issues regarding this innovation of carbon capture, 
storage and re-use. Moreover, carbon capture and storage to generate biofuels has not 
received sufficient commercial scale testing so as to demonstrate how the cost of running it 
could be lowered. Recently, in one of the report by European Biofuels technology platform 
[48], it states that the use of carbon capture and storage (CCS) for the production of bio-
methane still faces the challenges of seasonal feedstock variability with a relatively small 
amount of CO2 stream.   
 
2.3. Second generation biofuels  
Advanced biofuels, also referred to as 2
nd
 generation biofuels, which comprise broadly of 
lignocellulosic ethanol and FT biodiesel, bio-dimethyl ether (bio-DME) and bio-synthetic 
natural gas (bio-SNG) have been attracting continued research interest for over three decades 
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[2, 14]. They are generated through innovative processes using lignocellulosic materials such 
as grasses, cereal straw, forest residues etc. which consists mainly of affordable and abundant 
non-edible matters from plants. Second generation biofuels have the capacity to drive down 
CO2 production, they do not compete with food crops while some of the fuel produced via 
this technology could offer better engine performance. When advanced biofuel is produced in 
large scale, it is potentially comparable with standard petrol and diesel and it is obviously a 
more effective route to generate low carbon and renewable energy to power vehicles. 
Zabaniotou et al. [49] studied the utilisation of rapeseed residues for the production of 2
nd
 
generation biofuels. The obtained result showed that high temperature pyrolysis could 
produce higher yield of syngas compared to air fixed bed gasification. Fast pyrolysis of waste 
fish oil was performed by Wiggers et al. [50], a bio-oil yield of 73% was obtained and it was 
also found that this advanced biofuel had similar characteristics to petroleum fuel. Kalbande 
et al. [51] reported that the biodiesel produced from raw Jatropha was capable of generating 
power in a 7.5KVA diesel engine generator. Kasakura et al. [52] carried out gasification 
study of sludge in a pilot plant and obtained gas constituents yield of 5.5 vol% of H2, 3.65 
vol% of CO, 1.48 vol% of CH4 as well as other light hydrocarbons in lower concentrations. 
At the moment, several oil companies such as British Petroleum (BP), Shell, Exxon and 
Chevron are investing heavily in second generation biofuels and it has been predicted based 
on current funding that the production of this category of fuels would commercially get to 
full scale sooner than expected [53]. In a recent publication by Zang [54], it was reported that 
a biomass to dimethyl ether (DME) plant which utilises wood chips via gasification based in 
Buluo of China has an annual DME production capacity of 1000 tons with total efficiency of 
38%. Bubbling fluidized bed pyrolysis reactor was used by Nowakowski et al. [55] to convert 
a wheat straw – derived Organosolv lignin in the presence of commercial catalysts and 80% 
of bio-oil was obtained. 
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Lignocellulosic materials used for the production of second generation biofuels consist of a 
variety of feedstocks. Hence, the next section will briefly discuss the composition of these 
feedstocks as well as their relevance and recent utilisation to manufacture advanced biofuels.  
 
2.4. Lignocellulosic biomass as feedstocks for second generation biofuels  
Lignocellulosic materials which are the most available renewable resource on the earth have 
no interference with food, and their use for the production of 2
nd
 generation biofuels has been 
receiving research attention for more than two decades; as they are relatively not expensive 
and they have the capacity to reduce CO2 emissions [51, 56-58]. Lignocellulose consists 
primarily of 25% lignin and 85% of cellulose and hemicellulose. Lignin which binds the 
plants cells, is an amorphous polymer made up of propane structural units. Cellulose and 
hemicellulose can be hydrolysed and they form the main sources of sugar fermentation [59]. 
This feedstock can be categorised into forest residues, agricultural residues and dedicated 
energy crops. Forest residues such as saw dust, wood chips and logging residues have been 
reported as feedstocks for the production of second generation biofuels [60, 61]. These 
feedstocks are flexible to harvest with short periods of storage. Moreover, it has been 
documented that feedstock from forest residues contains more lignin and less amount of ash 
than agricultural residues [17]. In a recent study by Franco et al. [62] it was reported that 
steam explosive treatment of pine wood at 240°C generated almost 11g of cellulosic ethanol 
using 100g of the dry feedstock which contained 32g of cellulose. Agricultural residues 
which mostly consist of sugarcane bagasse, corn stover, rice and wheat straws due to their 
renewable abundance, have been proposed as one of the most promising feedstock for the 
production of lignocellulosic bio-ethanol [63]. It has also been reported that these types of 
residues contain more hemicellulose materials than woody feedstocks; this minimises the 
Chapter 2                                                                                                           Literature review  
16 
 
problem of deforestation and they are readily available [64-66]. Coffee and rice husks were 
recently used by Cuthbert [67] to study their performance as feedstocks to generate advanced 
biofuel, it was found that Coffee husks were more viable than rice husks. Energy crops such 
as switch grass, poplar and willow have also received a reasonable amount of research 
attention as feedstocks for 2
nd
 generation biofuels [17, 68-70]. The thermochemical 
conversion characteristics of straws and switch grass were studied by Greenhalf et al. [71] 
and it was found that switch grass was a better feedstock with a high volatile yield content of 
82.23%, a heating value of 19.64 MJ/Kg as well as relatively low inorganic contents. 
Bermuda grass is another type of energy crop which has been researched as feedstock for 
cellulosic ethanol [72]. Anderson et al. [76] used 1.75% (w/v) sulphuric acid to treat Coastal 
and Tifton Bermuda grass at  121°C for 1hr and found that the acid pretreatment resulted in 
an ethanol yield of 140mg/g raw biomass. 
The conversion of these feedstocks to produce 2
nd
 generation biofuels can generally be 
achieved through the biochemical process which involves transformation of cellulose and 
hemicellulose to sugars in the presence of enzymes followed by fermentation to bioethanol 
while the thermochemical route consists of liquefaction, gasification which entails drying, 
pyrolysis or devolatilization, reduction and direct combustion. However, most synthetic 
transportation biofuels are produced through gasification followed by Syngas cleaning and 
conditioning then through Fischer-Tropsch Synthesis (FTS). Meanwhile, as the aim of this 
work is based on the Fischer-Tropsch synthesis technology, a great deal of attention will 
subsequently be given to its review [2].   
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2.5. Thermochemical conversion processes for 2
nd
 generation biofuels  
2.5.1. Gasification   
Gasification entails reacting feedstocks with controlled amount of air, oxygen or steam at 
high temperature to produce gaseous mixture of CO, CO2, H2, CH4, C2H4 as well as other 
impurities such as N2, sulphur, alkali compounds and tars. Gasification reactors are usually 
operated at temperature as high as 1000°C while their sequence of operation consists of 
drying, pyrolysis or devolatilization, reduction and combustion. At the point of drying, the 
feedstock is stripped of its moisture content which is usually high for most lignocellulosic 
materials while the devolatilization or pyrolysis segment deals with the removal of volatiles 
in the form of light hydrocarbons, CO, CO2 and the formation of liquid long-chain 
hydrocarbons known as tar. The nature of the formed tar strongly depends on the type of 
feedstock as well as the gasifying agent and operating conditions of the reactor [74]. The 
reduction region acts as the main process where the raw materials are completely gasified in 
the presence of oxygen or steam to produce syngas through various endothermic reactions. 
The combustion segment comprises of burning the residual char to generate more gaseous 
products and the amount of heat required for reactions in the reduction region to proceed. 
Based on the different kinds of lignocellulosic feedstocks, gasification reactors can be 
classified as fluidised bed, fixed bed and entrained flow reactors. The fluidised bed gasifier 
operates by fluidising a bed of granny porous material which offers the advantage of a 
uniform temperature distribution and better solid gas contact as well as heat transfer rates. In 
a fixed bed gasifier, gas is passed through the feedstock while the gasifier zones are in fixed 
position for the reaction to occur. Entrained flow reactors mostly operates at a much higher 
temperature of over 1500°C and pressure of 80 bar which requires a rather uniform particle 
size distribution for the feedstock [74, 75].  
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Wang et al. [76] gasified pine saw dust using a fluidized bed gasifier and obtained an ideal 
syngas product of 1.4 H2/CO with 15mg/Nm
3
 of tar. A model fixed bed gasifier was designed 
by Li et al. [77] where syngas with relatively low tar content was produced. Yan Cao et al. 
[81] proposed a tar free lab scale fluidised bed gasification process using sawdust under 
autothermic conditions. It was found that this gasifier had a gas fuel production capacity of 
3Nm
3
/kg lignocellulosic biomass with heating value of 5J/Nm
3
 while the formation of tar was 
efficiently controlled below 10mg/Nm
3
.    
 
2.5.2. Synthetic gas cleaning and conditioning  
The formation of tar during gasification is usually not desirable as syngas production for use 
as synthetic fuel is the main focus of the gasification process. Tar is quite viscous and tends 
to condense at low temperature and could also cause equipment blockage and fouling leading 
to failure in operation. The reduction of tar can be obtained through optimisation selection of 
the operating parameters such as the use of catalysts that can inhibit its formation as well as 
process modification. Cleaning of tar from syngas can be carried out by using cyclones, 
filters or tar cracking procedures [74, 79]. Cleaning of impurities such as alkali and sulphur 
from syngas used as liquid biofuels is also a crucial step because these unwanted substances 
could cause damage to automobiles. Alkali and sulphur compounds are usually removed from 
these gases using sorbents at temperatures of around 300°C and above.   
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2.6. Fischer-Tropsch Synthesis  
2.6.1. Brief History  
Fischer-Tropsch Synthesis (FTS) is basically a polymerisation reaction whereby hydrogen 
triggers the formation of carbon bonds from carbon atoms of carbon monoxide in the 
presence of a metal catalyst. This reaction can lead to a range of products depending on the 
type of catalyst used and the reaction condition considered [80, 81].  
FTS goes back to the start of the 20
th
 century. In 1902, Sabatier et al. [82]  hydrogenated CO 
to CH4 over a nickel catalyst and, between 1913 and 1914 Badische et al. [83-85], who were 
working for BASF at the time, got a patents award for the production of hydrocarbon from 
syngas over bimetallic osmium and cobalt catalysts at high pressure, these hydrocarbons 
contained mainly oxygenated synthol. In 1920, Fischer and Tropsch [86] reported the 
formation of a product over alkalised iron shavings at 400°C using 100 bar, which had 
similar features to what was previously produced by Badische and Co-worker. Fischer and 
Tropsch also prepared small quantity of ethane and higher hydrocarbons over Fe3O4.ZnO 
catalysts under atmospheric pressure at 370°C. Meanwhile, due to the problem of 
deactivation associated with iron-based catalyst, the use of cobalt and nickel were proposed. 
In a period of seven years beginning from 1923, Fischer and Tropsch synthesized 
hydrocarbons from syngas using Co catalyst and also developed ThO2-Kieselguhr supported 
Co and Ni catalysts [87, 88]. However, as nickel yields too much unwanted amount of 
methane, most studies were geared towards cobalt [89]. 
 In 1936, the first commercial cobalt based plant for FTS began in Germany and within a 
space of two years nine plants which employed the use of cobalt catalyst at medium pressure 
were in operation with a combined production of about 660 x 10
3
 tons per year. Within this 
period, research into the use of iron as an FT catalyst resumed because Fischer et al. [80] 
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discovered that at low pressure between 5 – 30 bar, iron showed improved lifetime and 
product yield. Pichler et al. [89] in 1938 reported the formation of high boiling waxes over 
ruthenium based catalyst. Although, the nine plants in Germany ceased operation after World 
War II, the shortage of petroleum based fuel sustained the need for the FT process. In 1955 
an FT coal – to – liquid (CTL) plant, which utilises an iron catalyst named SASOL and based 
in Sasolburg was built in South Africa. The oil embargo in the mid-70s led to the 
construction of two more FT plants, all producing a capacity of 6 x 10
6
 tons per year [90].  
Modern day FT plants based on gas to liquid (GTL) techniques began in 1993, with Shell 
wax-cracking plant in Bintulu based in Malaysia using cobalt catalyst generates over 9,000 
billion barrels litres per day (bbl/day) and PetroSA in Mossel Bay of South Africa with a 
production capacity of 25,000 bbl/day using Fe based FT catalyst. The continuous fluctuation 
in prices of oil generated from fossil fuels and the escalating demand for energy coupled with 
its detrimental effect to the environment during production, has made FTS highly sort after 
even at this moment in time [91, 92].     
  
2.6.2. Chemistry of Fischer-Tropsch Synthesis  
Fischer-Tropsch products consist of complex mixture of oxygenated, linear and branched 
hydrocarbons but the main products are α – olefins and linear paraffins. These hydrocarbons 
are catalysed by either one or more of cobalt, nickel, iron and ruthenium. The following set of 
reactions in Table 2.1 can be used to describe the process of FTS [89]. The proposed catalyst 
for FTS coupled with the reaction conditions have different capacity to favour certain 
reaction products, for instance Ni catalyst is more selective towards methane at high 
temperature above 180°C and pressure of 5 bar using 2:1 H2/CO when compared to Co. 
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Fe and Ru catalysts tend to promote the yield of paraffins and olefins as products. Fe has 
more selectivity for alcohols and it is renowned for catalysing WGS. Hence, it is usually 
operated using lower ratio of H2/CO in FTS.  
The mechanism of how reactions are carried out by FT based catalyst have been reported in 
numerous publications [89, 93-98], in general products formation in FTS is a polymerisation 
reaction which involves reactant adsorption, chain initiation, growth and termination, product 
desorption, readsorption and further reaction [99].  
Fischer and Tropsch as well as Elvins et al. [100, 101] originally proposed the metal carbide 
mechanism which states that the absorbed CO dissociates to bulk metal carbide as 
intermediates which then hydrogenates to form hydrocarbon and oxygenate products. But it 
was soon discovered that this mechanism was inconsistent with thermodynamic data in 
relation to the reaction temperature employed [102, 103]. In a subsequent work by Kummer 
Table 2. 1. Overall reactions of Fischer-Tropsch Synthesis [89].  
 
 
       Main reactions 
     
       1. Paraffins   (2n + 1) H2 + nCO  → CnH2n+2 + nH2O                                           2.1 
 
       2. Olefins        2nH2 + nCO  →  CnH2n + nH2O 
 
                                          2.2 
 
       3. Water gas shift    (WGS)      CO + H2O  ↔  CO2 + H2                                           2.3 
 
       Side reactions  
     
       4. Alcohols     2nH2 + nCO  →  CnH2n+2O + (n-1) H2O                                           2.4 
 
       5. Boudouard reaction   2CO  →  C + CO2  
 
                                          2.5 
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et al. [104], it was shown that the formation of bulk metal carbide as intermediates in FTS 
was not the case as earlier proposed.  
The oxygenate (enol) mechanism which has gained widespread acceptance was later 
proposed by Eidus et al. [105], it involves the chemisorption of CO which reacts with 
absorbed hydrogen to form M-CHOH species. This enol group grows by a combination of 
condensation and water elimination steps via the adjacent groups as shown in Fig. 2.1.        
This mechanism was strongly supported by Emmett and Co-workers [104], where it was 
found that the addition of alkenes or alcohol to synthesis gas served as initiator for chain 
growth. The last mechanism was proposed by Pichler et al. [106], it involves insertion of CO 
into metal methylene carbon bond which is hydrogenated to produce alcohol or alkene with 
the possibility of oxygen being eliminated by the alcohol precursor to form alkene.  
 
 
 
 
 
 
 
 
 
Figure 2.1. Enol condensation and water elimination steps in FTS reaction [107].  
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Figure 2.2. CO insertion reaction mechanism for FTS [107].   
 
Figure 2.2 shows one form of the insertion mechanism where hydrogenation and water 
elimination of the COH2
*
 surface species are assumed to be the rate limiting step. Based on 
this mechanism, it was discovered by the use of surface science techniques that CO adsorbs 
on single crystal metal surface to produce a surface covered with carbon and few oxygen due 
to CO chemisorption and dissociation to absorbed C and O which is followed by rapid 
hydrogenation of O to form H2O while C hydrogenates to produce CH2 which occurred at a 
much slower rate [108]. This discovering revived the metal carbide mechanism save that the 
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Figure 2.3. Current version of CO insertion reaction mechanism for FTS [107]. 
 
 
Dry [109] went on to elaborate the metal carbide mechanism where the hydrogenated surface 
carbon was considered to be the rate limiting step while the rest of the reactions are assumed 
to be at equilibrium. Dry subsequently proposed a current version of the carbide (carbene) 
theory as shown in Fig. 2.3 which has been adopted and is being currently reported by many 
[110-116].    
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2.6.3. Catalysts and modes of operation  
All group 8 metals have been reported as active for FTS but only Co, Fe, Ni and Ru are the 
only metals that have the required FT activity for large scale production [90, 117, 118]. Ni 
has been reported to produce too much methane while Ru is too expensive and its World 
availability is not sufficient for commercial application [119, 120]. Therefore, Co and Fe are 
the most recommended catalysts for FTS. Cobalt catalyst is more expensive than Fe but 
research shows [12] that cobalt catalyst is more resistant to deactivation and its catalytic 
activity is more significant at higher conversion, water to gas shift (WGS) reaction is more 
obvious in Fe than Co catalyst while the amount of water produced in FTS which tends to 
slow the rate of reaction is more prevalent in iron than cobalt catalyst. Moreover, Fe catalyst 
is more selective towards olefins. Henrik et al. [121] prepared a series of Co and Fe catalysts 
and found that the Co-based catalyst was more active for FTS. Mono and bimetallic Co and 
Fe catalysts were used for FTS by Ahmad et al. [10], and it was reported that the 
monometallic Fe catalyst had lower FT activity and selectivity towards C5+ hydrocarbons 
compared to Co which had better catalytic performance. While the iron catalyst showed 
maximum rate for WGS reaction, it was also demonstrated that as the percentage of iron 
increases in the bimetallic Co-Fe catalysts, the ratio of olefin to paraffins increased. 
Xiangdong Ma et al. [122] studied what the effect of varying the amount of Fe/CO would 
have on the catalytic performance of Fe-Co catalysts and found out that higher iron content 
inhibited catalytic activity while cobalt enhanced the activity.  
There are currently two FT operating modes as shown in Fig. 2.4 which are High 
Temperature Fischer-Tropsch (HTFT) and Low Temperature Fischer-Tropsch (LTFT). Fe 
catalyst is more suitable for HTFT as Co catalyst results to very high selectivity towards CH4 
[95]. Cobalt and iron catalysts can be employed in the LTFT but cobalt is preferred as it 
possesses high activity and selectivity for heavy waxy products and lower WGS reaction 
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compared to Fe catalyst [4, 123]. The currently most renowned commercial FT based HTFT 
plants are run by Sasol in Sasolburg, South Africa while Co based LTFT plant is operated by 
Shell in Bintulu, Malaysia [92].  
 
 
 
 
 
 
 
 
 
 
         Figure 2.4. High and Low temperature Fischer-Tropsch processes [12]. 
 
 
2.6.4. Active sites and catalyst reduction  
The active sites of Co-based FT catalyst consists of metal atoms on the surface of Co metal 
crystallites. Co catalysts are prepared and usually calcined to form Co-oxides. These oxides 
of Co are in most cases reduced insitu under flow of H2 at temperature between 473 and 
723K prior to FTS experiment [81, 89, 124]. It has been shown that the reduction of cobalt 
oxide which is usually present as Co3O4 spinel phase, involves a two-stage successive 
reduction of Co3O4 to CoO then to Co
o
 [10, 125-127]. The active phase of Fe based FT 
catalyst is not quite defined because of the rapid inter – conversion of Fe carbides, Fe3O4 and 
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Fe metal during FTS [81, 128]. Temperature programmed reduction (TPR) was used by 
Pirola et al. [129] to study the reduction profile of Fe/SiO2 catalyst for FTS. It was found that 
iron phase reduction transformation involves two stages starting from hematite (Fe2O3) to 
magnetite (Fe3O4) then to (α-Fe) metallic ion. Asami et al. [130] used X-ray diffraction 
(XRD) to study the deactivation pattern of spent Fe-based FT catalyst. It was discovered that 
the catalyst deactivation was due to the transformation of metallic iron to Fe carbides during 
FTS.  
 
2.6.5. Product selectivity and distribution  
The formation of a wide variety of products with different chain length and function is 
usually the case in FTS. The exact product distribution always depends on several reaction 
parameters such as the reactor system used, reactants temperature and partial pressure, 
product water as well as design and physical properties of the catalyst. Meanwhile, the main 
products of FTS are n-olefins and n-paraffins while the side products are branched 
compounds and oxygenates such as 1-alcohols, aldehydes, carboxylic acids and ketones [81]. 
Although, FT products are of a large range, their distribution tends to show a strong 
regularity. The products from FTS generally follow the Anderson – Schulz – Flory (ASF) 
distribution where the molar fraction M of a certain carbon number of n can be described 
according to equation 2.6  
                                                   Mn = (1-α)α
n-1
                                                                 Eq. 2.6  
Hence, product distribution can be determined by the chain growth probability α value [6]. 
Fig. 2.5 shows the product distribution of FTS as a function of chain growth probability 
against molar and mass fraction. It predicts that in an ideal ASF distribution, the maximum 
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selectivity of C5 – C11 gasoline range hydrocarbons is around 45% while those of C12 – C20 
diesel is 30%.  
 
          
         Figure 2.5. FT product distribution as a function of chain growth probability [6].  
 
 
2.6.6. Enhancement of catalysts performance  
The addition of small quantities of promoters during synthesis of FT catalysts tends to 
enhance an effective reduction of the active phase which is a crucial aspect of optimising the 
performance of these catalysts. Promoters also help to improve catalyst activity and 
selectivity by modifying the structural properties and electronic character of the active phase 
[5]. Moreover, promoters could result to inhibition of FT catalysts deactivation. In most cases 
metal oxides (MnO and ZnO), certain transition metals (Cu, Pd, Pt, Ru) and alkali metals 
such as Na, K, Rb and Cs are used as promoters for Co and Fe based FT catalysts. Tsubaki et 
al.[131, 132] found that the addition of a small amount of Ru to silica-supported cobalt 
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catalyst significantly enhanced the extent of cobalt reduction. Meanwhile, modification with 
Pt and Pd did not have any effect on cobalt reducibility but mostly promoted its dispersion. 
Ru promoted cobalt catalyst showed the highest FT catalytic activity while Pt promoted was 
the least active catalyst. Moreover, Pt and Pd containing cobalt catalyst had higher methane 
selectivity than Ru promoted cobalt catalyst [12]. The effect of varying the percentage 
content of Pd on the catalytic performance of Pd promoted Co/SiO2 catalyst was studied by 
Osakoo et al.[133], it was discovered that the addition of 0.2wt% Pd enhanced cobalt 
reducibility, catalytic activity and selectivity towards paraffins but when the amount was 
increased to 1.0wt%, CO conversion was reduced with increased formation of methane. 
Yuping et al. [134] studied the outcome of adding between 0.4 – 7.0wt% of Mn on the 
reducibility and performance of Co/SiO2 catalyst. The results showed that 0.8wt% of Mn 
increased Co dispersion and weakened Co-Si interaction which resulted to enhanced CO 
conversion while the addition of 7.0wt% of Mn decreased CO conversion but favoured 
synthesis of gaseous hydrocarbons. Zhao et al. [135] investigated FTS performance of 
potassium promoted and un-promoted Fe/SiO2. It was reported that Fe/K-SiO2 catalyst 
generated less methane and more C5+ products while un-promoted Fe/SiO2 catalyst yielded 
more methane and less C5+ products. Zhang et al. [136] reported that Fe-Mn-K/SiO2 catalyst 
promoted with Cu improved the rate of activation and shortened the reduction period of the 
catalyst, hydrocarbon selectivity was greatly affected as product distribution shifted to heavy 
hydrocarbons while the ratio of olefin/paraffin was also enhanced.   
 
2.6.7. Catalysts deactivation  
Activity and catalyst life time are major concerns in designing catalyst for industrial and 
economic purposes. Hence, the deactivation mechanism of FT catalysts must be understood 
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so as to ensure their lifetime can be extended and regeneration of the active phase can be 
carried out effectively. Some mechanisms such as oxidation, reoxidation, poisoning, 
sintering, carbon deposition or coking and surface reconstruction have been proposed as 
causes of Co and Fe catalysts deactivation [5, 6]. Oxidation of metallic Co species could 
cause deactivation of the catalyst which might reduce rate of reaction during FTS. The 
formation of cobalt oxide with water as a by-product of FT reaction is also a possible reason 
for cobalt catalyst deactivation. However, the formation of these oxides can only be due to 
oxidation of small cobalt crystallites to form oxide shell as bulk formation of cobalt oxide 
appears not to be thermodynamically feasible [137, 138]. Meanwhile, in recent years research 
has concluded that the oxidation of bulk or surface metallic cobalt with an average crystallite 
size of ≥ 2nm is not a significant deactivation mechanism of Co based FT catalyst [139, 140]. 
Deactivation by reoxidation of the active phase of Fe based FT catalyst is mainly caused by 
high partial pressure of water under LTFT conditions [5, 141]. Studies have shown that 
metallic iron catalyst formed inactive Fe3O4 during FTS, while no oxide formation was 
observed for Co, Ru and Ni catalysts [142-144]. Poisoning refers to strong chemisorption of 
impurities on the active sites of FT catalysts which retards the catalyst activity. The presence 
of sulphur acts as poison to FT catalysts [6]. Decrease in CO conversion and formation of C5+ 
hydrocarbons as the amount of sulphur increases has been reported for Co based FT catalyst 
[145]. Literature has it that sulphur, chlorine, bromine and oxygen are well known poisons 
for Fe-based FT catalyst with the former having the strongest effect [141, 142, 146]. It has 
been reported by Baoshan et al. [147] that quantities of sulphur in iron catalyst improved the 
catalytic activity and selectivity for heavier hydrocarbons while high amounts of sulphide 
poison the catalyst causing a decrease in CO conversion. Bromfield et al. [146] also revealed 
that the addition of a small amount of Na2S in the range of 500 – 5000ppm into a precipitated 
iron catalyst with a mixture of different iron phases was four times more catalytically active 
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than a sulphur free Fe catalyst. Sintering is a process by which the growth of small 
crystallites and loss of support area due to migration phenomena results in reduction to the 
surface area of catalyst and pore collapse of support [5, 6]. Sintering usually takes place at 
high reaction temperature and the rate of this process can be increased by the presence of 
water vapour during FTS. Cobalt crystallite sintering has been identified as the main cause of 
Co/SiO2 catalyst deactivation [148, 149]. Extended X-ray Absorption Fine Structure 
(EXAFS) analysis of 20 wt.% of Co-based FT catalyst that had been spent showed a large 
increase in the degree of Co-Co metal coordination giving rise to substantial growth of Co 
metal particles relative to a fresh catalyst with uniform particle sizes [150]. Meanwhile, the 
addition of 0.05wt% of Pt or Ru was found to enhance catalytic activity of supported Co 
catalyst but led to more deactivation of the catalyst by sintering [151]. Reports have shown 
that high temperature reaction induced sintering is not the main cause of Fe catalyst 
deactivation mechanism during FTS [5, 152]. Coking or carbon deposition is the formation of 
graphitic carbon which deposits on the surface of catalyst during FT reaction while fouling is 
the deposition of carbon containing materials from feed gas such as tar on catalyst surface all 
of which results to deactivation [5, 6]. Prolonged period of time on stream could cause cobalt 
catalyst to form carbides such as Co2C or Co3C, but the role of carbides in deactivating Co 
catalyst is small compared to that of Fe as the rate of carbon diffusion into Co to form 
carbides is negligible. Besides, the probability of cobalt carbide formation is low under 
typical FTS conditions as all carbon is converted to hydrocarbon products [5]. It has been 
reported that Co doped with La2O3 tends to promote formation of Co carbides which leads to 
the catalyst having very high selectivity towards alcohols [153]. Previous work has shown 
that catalyst deactivation by carbon deposition could be regenerated by oxidation [139]. In Fe 
catalyst, coke deposition usually occurs under HTFT conditions (˃ 280°C) while fouling by 
amorphous carbon takes place in LTFT at temperature below 280°C. Iron carbide has been 
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postulated as an active phase for FTS but the inter-conversion of iron carbide species leads to 
deactivation of the Fe catalyst [143]. 
Most carbon nanofibre supported cobalt catalysts can be deactivated by surface 
reconstruction [5]. It has been observed that cobalt surface could experience large scale 
reconstruction in the presence of synthetic gas [154]. 
 
2.7. Synthesis and characterisation of silica-supported FT catalyst  
The catalytic performance of catalysts used in FTS strongly depends on the method of 
preparation which involves the choice of catalyst support [12]. To increase activity, obtain 
higher metal dispersion and to provide high attrition resistance, different oxides with high 
surface area such as alumina, silica, ceria, zirconia, titania, activated carbon, zeolites have 
been used as support for Co, Fe and Ni FT catalysts [125, 155-157]. However, in recent years 
silica has received enormous research attention as support for FT catalyst [122, 126, 158-
160].   
Venezia et al. [126] studied the modification effect of TiO2 on Co/SiO2 and discovered that 
the TiO2 modified Co/SiO2 catalyst had lower reducibility due to the strong interaction of 
CoO with titania which resulted to early deactivation of the catalyst by sintering during FTS. 
SBA-15 was treated with some amount of titanium and aluminium by M. Lualdi et al. [158] 
and it was reported that Ti-doped Co/SBA-15 catalyst was 45% lower in space time yield 
compared to the pure Co/SBA-15 while that of Al modified Co/SBA-15 did not differ 
significantly in yield from the pure silica-supported cobalt catalyst. Yakubov et al. [159] 
prepared Co/Multiwalled Carbon Nanutubes (MWCNT) and Co/SiO2 catalysts for FTS. It 
was found that the catalytic performance of Co/SiO2 was significantly higher than 
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Co/MWCNT catalyst and the distribution of Co metal on the silica surface was better than 
that of MWCNT. Xiangdong et al. [122] investigated FT activity of Fe-Co/SiO2, Fe-
Co/Activated Carbon and Fe-Co/Al2O3 bimetallic catalysts. The results showed that the 
activity of Fe-Co/SiO2 reached maximum while Fe-Co/Activated carbon gave the least 
activity. The effect of increasing SiO2 content on the catalytic behaviour of Fe/Cu/K/SiO2 
catalyst for FTS was studied by Wenjuan et al. [160] and it was observed that the catalyst 
with more amount of SiO2 had better reaction stability and enhanced selectivity towards light 
hydrocarbons.  
Numerous methods have been reported for the synthesis of silica-supported FT catalysts [12]. 
But for the sake of this work, silica-supported Co, Fe and Ni based FT catalysts would be the 
focus of attention. Some of the reported techniques used in preparing these catalysts are 
impregnation, co-precipitation, solvo-thermal, deposition-precipitation, sol-gel, colloidal, 
micro-emulsion, solvated metal atom dispersion, chemical vapor deposition, plasma, ion 
exchange and adsorption methods. However, only the most reported procedures will be 
discussed in detail.  
The impregnation method is the most commonly used route, it involves contacting a dry 
support with a solution of dissolved salt precursor followed by drying then decomposition of 
the precursor at elevated temperature, either by thermal oxidation or reduction. It also entails 
the incipient wetness route whereby a volume of dissolved salt equivalent to the pores 
volume of the support is contacted with the support and the capillary forces present in the 
pores gets filled by the solution with no excess moisture left from the solution [12]. Yao et al. 
[161] used the polyethylene glycol – additive and impregnation methods to prepare Co/ZSM-
5 and Co/SiO2 catalysts, it was found that even though PEG-additive procedure showed the 
capacity to improve CO conversion of Co/ZSM-5 catalyst, Co/SiO2 catalyst had higher 
turnover frequency (TOF) than Co/ZSM-5 catalyst. Zhang et al. [162] used the incipient 
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wetness technique to study solvents effects in Co/SiO2 catalyst. It was discovered that silica-
supported cobalt catalyst prepared with acetic acid had slightly higher cobalt dispersion but 
lower TOF compared to the catalyst synthesized with ethanol. A double solvent impregnation 
method was reported by Chen et al. [127] where it was shown that Co/SiO2 catalyst prepared  
by this procedure has more CO conversion and C5+ selectivity when compared to the catalyst 
synthesized by wet impregnation method. Surface impregnation combustion was used by L. 
Shi et al. [163] and it was reported that the prepared Co/SiO2 catalyst was three fold more 
active than that of the conventional incipient wetness impregnation technique. Zhang et al. 
[164] prepared a bimodal iron-based FT catalyst using a novel one-step impregnation 
method, and it was discovered that this catalyst, when compared to the one prepared by the 
traditional impregnation route, exhibited improved active metal dispersion and quicker 
diffusion efficiency which led to excellent catalytic performance. Cobalt (ii) nitrate and 
cobalt (ii) acetate were prepared by Sun et al. [165] using mixed impregnation process and it 
was shown that the mixed precursors Co/SiO2 catalyst displayed higher activity than the 
mono counterpart. 
The co-precipitation method is the precipitation of metal ion with ions of the support which 
tends to usually produce an intimate mixture of metal catalyst and the support [12]. 
The deposition – precipitation method deals with the combination of precipitation with 
deposition from a liquid medium. This procedure is carried out by exclusively depositing a 
solvated metal precursor onto the surface of a suspended support by slow and homogenous 
release of a precipitating agent usually hydroxyl ion so as to avoid nucleation of a solid 
precursor compound remaining in the bulk solution [12]. The co-precipitation method was 
used by Azizi et al. [166] to prepare Fe-Ni-Co catalyst and the impact of reduction variables 
on the catalyst performance was studied. It was reported that the catalyst reduced at 300°C 
and, compared to the ones that reduced at 450°C, gave higher CO conversion and CH4 
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selectivity. Tingzhen et al. [167] combined the co-precipitation technique with spray drying 
procedure to synthesize Fe-Ni bimetallic catalyst where the effect of increasing nickel content 
during reduction and on the catalytic performance were investigated. It was found that 
increasing the amount of nickel to iron improves the dispersion of iron-oxides while the rate 
of reduction was increased and as expected increasing the content of nickel resulted to 
enhanced methane selectivity but reduced the formation of heavy hydrocarbons. The co-
precipitation method was used by Chen et al. [168] to prepare highly loaded 80% by weight 
of Co/SiO2 catalyst and the effect of surface acid – base properties of the silica support on the 
catalyst was studied. It was found from Micro-calorimetric adsorption that the surface acidity 
– basicity of silica had significant effect on the surface properties of Co/SiO2 catalyst which 
in turn influenced its FTS performance. Bezemer et al. [169] used the homogenous deposition 
– precipitation route to synthesize low and high pH Co/SiO2 catalyst. It was discovered that 
the low – pH catalyst had cobalt hydrosilicates formation which resulted in high reduction 
temperature of 600°C with low cobalt dispersion and FT activity while the high – pH 
Co/SiO2 catalyst which reduced at lower temperature were highly dispersed and were 2 – 4 
times more active. The sol-gel method also called gelation route is a homogenous process 
which involves repeatable transformation of a solution into hydrated solid hydrogel. The 
colloidal method deals with wet chemistry technique whereby control of metal particle size, 
crystallinity, shape and structure via the bottom up approach can be effectively carried out. 
The adsorption method is a process whereby ionic species from aqueous solutions are 
electrostatically pulled unto a solid surface by its charged sites. Chemical vapor deposition 
involves chemical reactions of gaseous reactants on or around the surface of a heated 
substrate. The plasma technique generally involves generation of ionised gas by electric 
discharges, glow, microwave or radio frequency [12].    
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Jae-Sun Jung et al. [155] used the sol-gel method to prepare cobalt based catalyst supported 
on different mesoporous silica. It was shown that silica hollow sphere (SHS) supported 
catalyst had better catalytic activity and C5+ selectivity and it was proposed here that the 
activity of the catalyst on the different supports depends on cobalt particle size and structure 
of the support . The sol-gel technique was employed by Ali et al. [170] to study the effects of 
FT operating conditions on the performance of 40% Fe/60% Co/15wt.% SiO2/1.5wt.% K 
catalyst, it was reported that H2/CO = 2.1 molar ratio at 350°C and 3 bar was the optimum 
operating conditions and it was also demonstrated that all of the variable operating conditions 
influenced the structure, morphology and performance of the catalyst. Xie et al. [171] 
recently synthesized monodispersed colloidal nanoparticles Co/SiO2 catalyst. It was observed 
that after a period of 240 hours, the catalyst was still quite stable and active with very 
promising selectivity towards C5 – C18 hydrocarbons. Glow discharge plasma – assisted 
Co/SiO2 catalyst was prepared and studied by Hong et al. [172]. It was found that cobalt 
dispersion was significantly enhanced by plasma pretreatment and the particle size was 
directly proportional to the intensity of the glow discharge plasma while the catalytic activity 
which was quite poor was enhanced by the addition of ruthenium. Fu et al. [173] used the 
plasma technique to prepare supported cobalt catalyst and reported that this method resulted 
to Co particles which were highly uniform and well dispersed. Yan et al. [7] proposed a 
model Co/SiO2 catalyst by vapor – deposition of cobalt from a resistively heated cobalt wire 
on SiO2 films and it was shown that increasing reaction temperature raised the rate of 
reaction but shifted catalytic selectivity towards CH4 while the catalyst deactivation was 
caused by carbon deposition.    
Most of these reported approaches seem very promising. However, it cannot be disputed that 
some of them are extensively time consuming [127, 161-163] while others are still faced with 
the possible problem of catalyst deactivation via sintering [7, 126, 172].   
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Hence, we report a novel facile technique called the swelling in method (SIM) for the 
synthesis of silica-supported Co, Fe and Ni based FT catalysts.  
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CHAPTER 3  
Techniques and Experimental  
       
This chapter discusses background theory of the analytical techniques used in this thesis. The 
experimental as well as practical applications of the discussed techniques were also covered.  
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3.1. Background Theory  
The materials investigated in this thesis were characterised using a variety of analytical 
techniques. Thermogravimetry (TG) was used to study thermal degradations. Chemical 
information was obtained with Fourier Transform Infrared – Attenuated Total Reflectance 
(FTIR-ATR) Spectroscopy. Powder X-ray diffraction (p-XRD) was employed to examine 
structural properties of powdered silica and catalyst. Nitrogen adsorption was carried out to 
measure surface area and pore size distribution while Mass Spectrometry (MS) was used for 
catalytic activity testing.  
 
3.1.1. Thermogravimetry (TG) 
TG is an analytical technique used to quantitatively determine the decomposition and thermal 
stability of a material and its portion of volatile constituents by measuring its change in mass 
as a function of increase in temperature or time in the presence of air or inert atmosphere [1]. 
The change in mass of a material strongly depends on the experimental parameters such as 
the type of atmosphere, the form and mass of sample, rate of scanning as well as the nature 
and shape of the sample holder. To slow down the rate of oxidation, the experiment can be 
carried out under lean amount of oxygen in N2 or Helium. Curves in TG are normally plotted 
with change in mass (∆m) expressed in percentage on the primary vertical axis while the 
corresponding 1
st
 derivative of the TG which is referred to as Differential Thermogravimetry 
(DTG) curve is expressed in (% °C), and is usually plotted on the secondary vertical axis with 
both plots (TG and DTG plots) against temperature (T) or time (t) on the horizontal axis. 
Figure 3.1 is a typical TG/DTG curve of the oxidative thermal degradation of 
polydimethylsiloxane (PDMS) to synthesize fumed silica as support for catalysts studied in 
this thesis. The DTG curve gives detailed decomposition information such as the different 
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temperatures at which each reaction steps initiates or terminates and depending on the rate of 
heating, it can also be used to identify the exact number of degradation steps a material 
undergoes. [2].   
 
 
 
 
 
 
 
Figure 3. 1. TG/DTG mass loss curve of PDMS to SiO2 heated in air at 5°C min
-1
 to 650°C  
 
 
3.1.2. Fourier Transform Infrared – Attenuated Total Reflectance (FTIR-ATR) Spectroscopy 
FTIR-ATR Spectroscopy was used in this thesis to qualitatively study the spectroscopic 
behaviour of the chemical constituents of the prepared catalysts. It is a surface sensitive 
technique which causes the interaction of electromagnetic radiation with solids, liquids or 
gaseous molecules within 4000 – 400cm-1 region of the electromagnetic spectrum. Infrared 
spectra can be reported as wavelength (μ) but wavenumber (cm-1) is usually preferred 
because the energy of light varies directly with wavenumber [3, 4]. The spectrum generated 
by this procedure is made possible by the help of a mathematical algorithm called Fourier 
Transform. The process of interaction excites the molecules making its covalent bonds to 
vibrate by stretching or bending [3].  
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The basic principle of operation in a typical FTIR-ATR technique is described according to 
Fig. 3.2 and equation 3.1.  
 
 
Figure 3.2. Schematic of (IR-ATR) Infrared – Attenuated Total Reflection Spectroscopy [4]   
 
                             n1 Sinθ1 = n2 Sinθ2                                                                                Eq. 3.1 
 
Where n1 is the refractive index of the crystal, n2 is the refractive index of the sample; θ1 is 
the angle of incident light while θ2 is the refracted angle. Here, an infrared light at a certain 
angle of incidence is directed through a sample that is placed in close contact with a crystal 
(for example, ZnSe) which has a relatively high refractive index, this light then reflects from 
the internal surface of the crystal and penetrates into a less dense medium (which is the 
sample) with small refractive index to form a process called total internal reflection (TIR), 
which suggest that the angle of incidence exceeds the critical angle. This process eventually 
generates an evanescent wave which produces some energy that gets absorbed by the sample 
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and reflected beam which then attenuates and goes to the detector as interferograms and 
converts to infrared spectrum by the Fourier Transform [5].  
 
3.1.3. Powder X-ray diffraction (p-XRD) 
This analytical technique uses X-rays to determine the crystal structure, sizes and chemical 
composition of materials that are usually crystalline in nature [6]. Here, a beam of 
monochromatic (same wavelength) X-rays hit a single crystal which get diffracted in a 
particular direction (in phase with one another) known as constructive interference so as to 
satisfy Bragg’s condition as shown in Figure 3.3 and equation 3.2.  
 
 
 
 
 
 
 
 
 
                                    Figure 3. 3. Lattice planes of powder X-ray [7].  
 
                                           nλ = 2dhkl Sinθ                                                                        Eq. 3.2  
Where (d) is the spacing between the crystal planes (dhkl), θ is the angle between incident and 
reflected beams from the planes and n is an integral number which is the order of reflection 
while λ is the wavelength of the X-rays. Diffraction from a crystalline substance is usually 
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made possible by the presence of many sets of atomic planes and each set of planes is defined 
by Miller indices h, k and l which explain how planes intersect three axes x, y and z in 
relation to the dimensions of the crystal unit cell.  
The Scherrer equation as shown in equation 3.3 can sometimes be used to evaluate particle 
sizes of crystallites especially when the sizes are in the range of 6 – 25nm but when the 
crystallites are very small or large, the accuracy becomes significantly reduced [8, 9].  
 
                                                                 Eq. 3.3                                                                                                                          
 
Where d is the average crystallite diameter, λ is the wavelength, K is a constant which is 
normally equal to one, B is the full width at half maximum (FWHM) of the peak in degree 
while θ is the Bragg’s angle. 
 
3.1.4. Nitrogen Adsorption  
The adsorption of an inert gas onto the surface of a solid material via physisorption can be 
used to calculate the surface area of the solid. In most cases nitrogen is used as adsorbate for 
adsorbents with large surface area where an absorption isotherm is produced by measuring 
the quantity of nitrogen absorbed by the solid against the pressure of nitrogen in equilibrium 
with the solid. This pressure is traditionally expressed as P/Po where P is the gas pressure and 
Po is the saturated vapour of the test temperature. Nitrogen adsorption isotherms are usually 
collected at 77K, saturated vapour pressure (Po) and 1bar. The values of P/Po are usually 
reported in the range of 0 to 1.0 [11].  
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Figure 3. 4. Types of physisorption isotherms and hysteresis loops [10]. 
 
In view of the nature of adsorbent, adsorption can generally be classified into six categories 
as shown in Figure 3.4. Type I isotherms are due to formation of monolayer usually on the 
surface of microporous solid materials such as silica gel with pore widths ≤ 2nm. The formed 
monolayer is caused by adsorption of the adsorbate at a relatively low pressure which makes 
the isotherm to remain flat at low P/Po but rises as P/Po approaches 1.0 with condensation 
taking place. Type II isotherms are usually common with non-porous and macroporous solids 
(like fumed silica powder) due to formation of multilayer adsorption. Type III isotherm is not 
very common, it takes place when the heat of liquefaction is greater than that of adsorption 
with no monolayer formed. Mesoporous solids characteristic of having pore widths between 
2nm – 50nm usually produce the type IV isotherm. This type of isotherm has a hysteresis 
loop because pores filling by adsorbate takes place at higher pressure during adsorption but at 
a lower pressure during desorption. Minimal interaction between the gas and solid material 
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results to the uncommon type V isotherm. The last type of isotherm which is also not 
common is the type VI. It contains steps as a result of sites present in adsorbent that are 
different in sizes and energy. The pore structures of specific adsorbent are often used to 
identify the shapes of hysteresis loops. Hence, type H1 is often associated with porous 
materials known to have narrow distribution of relatively uniform pores. The probability of 
network effects could result to type H2 loop, this type of hysteresis is synonymous with 
complex pore structures. The type H3 loop is characteristic of non-rigid aggregates of plate – 
like particles while the type H4 is observed with complex materials containing both 
micropores and mesopores [10, 12].   
 
3.1.4.1. Adsorption Isotherm Models  
The Langmuir model which is one of the basic methods of isotherm for the process of gas 
adsorption onto the surface of an adsorbent is based on the following assumptions [12].  
1. All sites on the adsorption surface are equivalent 
2. Only one molecule of adsorbate can be accommodated on the adsorption site 
3. There is no adsorbate – adsorbate interaction  
4. Adsorption can only form monolayer on the surface  
5. The process of adsorption is dynamic as the rate at which adsorbate adsorb and desorb 
leads to equilibrium.  
In view of these assumptions, the Langmuir isotherm equation as shown below was obtained. 
  
                                                              Eq. 3.4 
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Where θ = V/Vm, with V as the volume of gas at STP and Vm is the volume of gas required to 
complete a monolayer adsorption on the surface of the adsorbent, b is the Langmuir constant 
while P is the pressure of adsorbate which means the equation could be written as, 
 
                                                           Eq. 3.5  
                                                                                                                 
The above equation could then be re-arranged as shown in equation 3.6.  
                                                                            
                                                        Eq. 3.6                                                                                                                       
 
Hence, in obedience to Langmuir isotherm model, a plot of P/V against P should give a 
straight line graph from which Vm can be obtained. Vm is the reciprocal of the gradient. This 
value at STP according to equation 3.7 can be used to determine the surface area of the solid 
sample [13].  
 
                                              S = Vm (STP) × NA × Am                                                     Eq. 3.7 
 
Where NA is the Avogadro’s constant and Am is the cross – sectional area of one molecule of 
adsorbent which for N2 is 0.162nm.   
Meanwhile, as this model is not appropriate to calculate the surface area of several porous 
materials, there was need for an all embracing model. The BET (Braunauer, Emmett and 
Teller) which was an enhanced version of the Langmuir model was developed [14]. Equation 
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3.8 known as the BET equation was used to calculate the surface area of the catalysts studied 
in this thesis and this equation was based on the following additional assumptions. 
1. The adsorbate forms multilayer on the surface  
2. The vapour and surface interaction only corresponds to adsorption and desorption  
3. Movement of adsorbed molecules from one layer to another are restricted  
4. A specific value is assigned to the initial monolayer heat of adsorption while the heat 
of adsorption gas molecules for subsequent layers is equivalent to the heat of 
condensation of the gas    
                                                                                                                                                                     
                       Eq. 3.8  
 
Where P is the adsorbate pressure at equilibrium, Po is the saturated vapour pressure while V 
is the volume of adsorbed gas at P/Po. Vm is the gas volume required for monolayer formation 
and C is the net heat of adsorption. A plot of P/V(Po – P) versus P/Po should give a straight 
line of P/Po values between 0.05 – 0.35.  
 
                                                       Eq. 3.9 
 
By using the slope, (C-1)/VmC and the intercept 1/VmC in equation 3.9, Vm can be calculated 
and the obtained value can then be used to determine the surface area of a solid material.   
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3.1.4.2. Adsorption in pores 
The BJH (Barett, Joyner and Halenda) method was used to calculate the pore size distribution 
of the catalysts studied in this thesis [14]. This method which is conventionally employed in 
analysing mesoporous materials is based on the Kelvin equation as shown below.  
 
                                         ln
P
Po
=
- 2. γ. Vmolar
rp. R. T
. Cos θ                                                        Eq. 3.10 
 
Where γ is the surface tension of liquid nitrogen, Vmolar is the molar volume, rp is the pore 
radius, R is the universal gas constant, and T is the temperature while θ is the contact angle 
which would be assumed to be zero for the size ranges of pores studied in this report. This 
equation was based on the following assumptions.  
1. The pores are uniform in shape  
2. All pores widths are between 2nm and 50nm which is the mesoporous range 
The shape of an adsorption or desorption can be influenced by the presence of pores in an 
adsorbent solid because the equilibrium vapour pressure above condensed liquid in a 
cylindrical pore with a curved surface is lower than that above a liquid with a flat surface. 
Hence, vapour condenses at lower P/Po values in curved surface with wide pores than on a 
flat surface which has narrow pores fillings at lower pressure. The Kelvin equation is related 
to equilibrium vapour pressure of a liquid in a small cylindrical pore where the surface of the 
liquid takes up a regular curvature. It also describes how the equilibrium vapour pressure of a 
liquid in the pore depends on the pore radius rp, and the contact angle θ. In view of the 
pressure at which condensation occurs, the radius of the pores can be calculated. The BJH 
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method involves correction of the pore radius as given by the Kelvin equation. Therefore, the 
pore diameter data shown in this thesis is BJH corrected.    
 
3.1.4.3. Estimation of micropore volume  
The t-plot, Micropore analysis (MP), Alpha-S, Dubinin-Radushkevich (DR), Horvath-
Kawazoe (HK), Saito-Foley and Dubinin-Astakhov methods have been used to estimate the 
volume of microporous materials [15]. However, as the t-plot method is one of the most 
commonly used to determine the volume of microporous materials [16], the pore volume of 
the material studied in this thesis were reported using the t-plot method, this technique will be 
discussed further below.  
 
3.1.4.4. The t-plot method  
This technique which is based on the assumptions that the film thickness on pore walls is 
uniform and that the film structure is close packed hexagonal was proposed by Lippens and 
de Boer [17] whereby the statistical thickness with the adsorbed volume of gas expressed in 
liquid volume is obtained as shown in equation 3.11.  
                                         T = Vliq / S × 10
4
 (Å)                                                              Eq. 3.11 
Where S is the total surface area, Å = 3.54 (monolayer depth) and Vliq = Vads (STP) × 15.47 
in the case of nitrogen adsorption at 77K. The layer thickness (t) is calculated as a function of 
increase in relative pressure (P/Po) of gas molecules covering the surface site. Thereafter, the 
experimental volume of gas adsorbed by a standard type II isotherm is plotted against 
statistical thickness for each experimental P/Po value. [15].  
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3.1.5. Mass Spectrometry (MS) 
In this report mass spectrometry was used to screen all the prepared catalysts for catalytic 
activity. This instrumental technique is used to identify unknowns and to study molecular 
structure of applicable compounds. MS typically involves the generation of gas phase 
molecular ions via a particular ionisation process (for instance electron ionization); these ions 
get separated according to their mass-to-charge ratio which then undergo fragmentation 
followed by measurement of their abundance. Equation 3.12 shows the basic process of 
electron ionization to form molecular ions which are odd – electron radical cations [18, 19].  
  
                                  M + e
-
 = M
 .+
 + 2e
-
                                                                        Eq. 3.12 
 
This molecular radical cation with odd number of electrons could undergo fragmentation to 
give both a neutral radical and an ion with an even number of electrons as shown below.  
 
                                  M
 .+ 
 → A+ + B.                                                                              Eq. 3.13 
 
Its fragmentation could also give a molecule and a radical cation as shown in equation 3.14. 
 
                                  M
 .+ 
 → C .+ + D                                                                            Eq. 3.14 
The mass-to-charge ratio is the physical property measured in MS with the mass expressed in 
atomic mass units (µ) or Dalton (Da), the charge is in the unit (e) which means the mass-to-
charge ratio has dimension of µ/e or Da/e. However, atomic mass units (µ) and (Da) are used 
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in different contexts. Da is preferred for stoichiometric calculation of mean isotopic masses 
while masses related to the main isotope of each element are expressed in µ.  
All mass spectrometers usually operate under high vacuum (this enables ions to reach the 
detector without colliding with other gaseous molecules) and contain the following 
components as shown in Figure 3.5, a sample inlet to introduce relevant compound to be 
analysed, an ionization source that generates ions from the sample, single or multiple 
analysers to carry out ions separation and to analyse fragmented ions, a detector for counting 
ions emitted from the neighbouring analyser and a data processor to produce the mass 
spectrum.  
 
 
    
                                  Figure 3. 5. Schematic of a Mass Spectrometry [19] 
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3.1.5.1. Electron Ionization (EI) 
The choice of ionization technique depends on the nature of the sample to be analysed as well 
as the type of information required from the analysis. Electron ionization (EI), chemical 
ionization (CI) and field ionization are used for gas-phase ionization. Electrospray ionization 
(ESI), atmospheric pressure chemical ionization (APCI) and atmospheric pressure 
photoionization (APPI) are utilised for liquid-phase ion source. While matrix – assisted laser 
desorption ionization (MALDI), secondary ion mass spectrometry (SIMS), plasma desorption 
ionization (PDI) and field desorption ionization (FDI) are availed for solid-phase ionization. 
Meanwhile, fast atom bombardment (FAB) is employed for involatile liquid matrix [17]. 
However, only EI process would be discussed further as it is the ionization technique used in 
this thesis. Figure 3.6 shows a typical EI source, it consist of a heated filament that releases 
electrons which accelerates towards an anode and collides with gaseous molecular samples of 
high vapour pressure that gets injected directly into the ionization space .  
 
 
Figure 3. 6. Diagram of an electron ionization source [20] 
Chapter 3                      Techniques and Experimental     
72 
 
Every electron generated is related to a wave with wavelength (λ) as shown below  
           
                                                         Eq. 3.15 
 
Where h is Planck’s constant, m is its mass and v is the velocity. Quantitative measurement 
could sometimes be carried out in EI technique by using equation 3.16 where number of ion 
(I) generated per unit time in a volume (V) is linked to the pressure (p), the electron current 
(i) and N as  the constant proportionality coefficient [20].  
 
                                                              I = N p i V                                                         Eq. 3.16 
 
It can be seen in this equation that the pressure is directly correlated with the resulting ionic 
current.  
 
3.2. Experimental  
3.2.1. Materials   
Cobalt (II) acetate tetrahydrate [(CH3COO)2 Co. 4H2O, (AR Grade, 97%)], cobalt (II) nitrate 
hexahydrate [Co(NO3)2. 6H2O, (AR Grade, 97%)], iron (III) nitrate nonahydrate [Fe(NO3)3. 
9H2O, (98%, A.C.S Reagent)], methanol (99.8+% purity, A.C.S Reagent) and sodium 
borohydride [NaBH4, (Lab. Reagent)] were purchased from Fischer Scientific. Ruthenium 
(III) nitrosyl nitrate solution [Ru(NO)(NO3)3] in dilute HNO3 (Lab. Reagent), cobalt (II) 
acetylacetonate [Co(C5H7O2)2, (A.C.S 97%)], nickel (II) nitrate hexahydrate [Ni(NO3)2. 
6H2O, (99%, A.C.S Reagent)] and cobalt (II) chloride hexahydrate [CoCl2. 6H2O, (98%, 
A.C.S Reagent)] were obtained from Sigma Aldrich. Vinyl – terminated 
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polydimethylsiloxane (PDMS)] elastomer with repeating monomer unit of (CH3)2SiO]n 
(Slygard 184 silicone elastomer, Dow Corning), this polymer kit contains both PDMS 
elastomer and the curing agent. Deionised water was supplied by the University of 
Huddersfield.  
 
3.2.2. Preparation and curing of polydimethylsiloxane 
A mixture of the Slygard 184 Prepolymer and the curing agent was prepared in a 10:1 mix 
ratio. Approximately 22g was prepared and vigorously mixed in an inert vessel for several 
minutes until the entire mixture had formed a large number of bubbles which was degassed 
approximately 20 – 25 mins in a dessicator under vacuum. This degassed PDMS mixture was 
poured into a petri dish and placed in an oven set to 65°C for 3 hours to cure. Another sample 
of PDMS was prepared using the same method but without degassing the mixture. Both 
samples were labelled as degassed and gassed PDMS. 
 
3.2.3. Thermal synthesis and characterisation of porous silica powder  
Porous silica powder was synthesized by oxidative thermal degradation of PDMS by TG 
using a TGA 1 Star System (Mettler Toledo, Switzerland). PDMS samples were heated in the 
range of 25°C – 650°C at a rate of 5°C min-1 in air. Attenuated Total Reflectance Fourier 
Transform infrared (ATR-FTIR) spectra were obtained at resolution 4cm
-1
 in the range of 
4000 – 400cm-1 using NICOLET 380 ATR-FTIR Spectroscopy (Thermo Electron 
Corporation, USA). X-ray diffraction (XRD) measurements were carried out with Bruker D2 
phaser (Bruker AXS, D2 Phaser, Germany) at room temperature operated at 40kV using Cu 
Kα radiation (λ = 1.54060Å). The scan step size was 0.02o and a step time of 5sec over a 2θ 
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range of 10° – 100o was used. Specific surface areas and porosity of silica powders were 
determined by N2 physisorption (BET) at 77 K using Micromeritics ASAP 2020 instrument 
(Micromeritics Instruments Corp. USA).  
 
3.2.4. Preparation and characterisation of catalyst support  
Fumed silica powder (SBET = 182m
2 
g
-1
, PV = 0.09cm
3 
g
-1
) as catalyst support was 
synthesized by thermal degradation of PDMS [21]. The required amount in grams of a 10:1 
mixture of PDMS and curing agent (Slygard 184 silicone elastomer, Dow Corning) was 
degassed under vacuum to remove trapped air bubbles. The degassed mixture was cured at 
65°C for 3 hours and the as-cured PDMS film was heated under air in a furnace (Carbolite 
3216, UK) at 500°C for 1 hour to obtain silica powder. Specific surface areas and porosity of 
the powder were determined by N2 physisorption (BET) at 77 K using Micromeritics ASAP 
2020 instrument (Micromeritics Instruments Corp. USA).  
 
3.2.5. Swelling in method (SIM) of catalysts preparation 
This swelling in technique was used to prepare different percentage by weight content of 
cobalt, iron and nickel based FT catalysts. Hence, for ease of understanding, preparation 
using each metal would be explained.  
Cobalt based catalysts: Approximately 10wt.% (worked example of cobalt content 
calculation is shown in appendix 1) of silica-supported cobalt catalysts were prepared, by 
respectively mixing 5 ml each (3.1 mol dm
-3
) solution of cobalt acetate, cobalt nitrate and 
cobalt acetylacetonate in methanol into three different portions of 8g PDMS. These mixtures 
of cobalt precursor and PDMS were then degassed under vacuum to remove entrapped air 
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bubbles followed by solvent evaporation at 65°C for 3 hours. 0.8g each of curing agent were 
added to the evaporated mixtures and cured at 65°C for 3 hours. The prepared as-cured 
composites of cobalt precursors and PDMS catalysts were divided into two batches. The first 
batch of catalyst was calcined in vacuum under the flow of nitrogen at 500°C for 1hr and was 
labelled as 10% (Co-A/PDMS, Co-AA/PDMS and Co-N/PDMS). To obtain 10% Co/SiO2 
catalysts, the second batch was calcined under air at 500°C for 1 hour. To prepare 5wt.% and 
2.5wt.% of Co/SiO2 catalysts, 5 ml (1.5 mol dm
-3
) and 2 ml (2 mol dm
-3
) each of the 
respective solutions of cobalt precursors (acetate, nitrate and acetylacetonate) were mixed 
into three portions each of 8g and 9g PDMS then the above procedure for degassing and 
curing (by adding one-tenth of curing agent to each PDMS sample) was repeated followed by 
calcination in air at 500°C for 1 hr. The prepared catalysts were labelled Co-A/SiO2(SIM), Co-
AA/SiO2(SIM) and Co-N/SiO2(SIM) in respect to their cobalt percent content by weight, where 
Anion (A = acetate, AA = acetylacetonate, N = nitrate) designates the cobalt salt while SIM 
stands for the preparation procedure used. Another set of 2.5wt%, 5wt% and 10wt% Co/SiO2 
catalysts using cobalt nitrate precursor were prepared and promoted with 0.5wt% of 
ruthenium. These catalysts were named as 2.5wt% Co-N/Ru/SiO2(SIM), 5wt% Co-
N/Ru/SiO2(SIM) and 10wt% Co-N/Ru/SiO2(SIM).  
Iron and nickel based catalysts: 2.5wt.%, 5wt% and 10wt.% (worked example of cobalt 
content calculation is shown in appendix 1) of Fe/SiO2 catalysts were synthesized by mixing 
3 ml (1.4 mol dm
-3
), 6 ml of 1.5 mol dm
-3
 and 3 mol dm
-3
 each of iron nitrate solution into 
three different portions of 9g PDMS. The degassing and curing step as already explained was 
followed and the catalyst was calcined under the same oxidative condition as used for cobalt 
based silica-supported catalyst.  
To prepare 2.5wt.%, 5wt.% and 10wt.% of Ni/SiO2 catalyst, 2 ml (2 mol dm
-3
), 5ml (1.5 mol 
dm
-3
) and 4 ml (3.4 mol dm
-3
) each of nickel nitrate solution were mixed respectively into 9g, 
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8g and 7g PDMS. The degassing, curing and oxidative calcination processes as above were 
followed to obtain the final catalyst product.   
 
3.2.6. Cobalt deposition by incipient wetness impregnation method 
Cobalt based catalyst was also prepared by the incipient wetness impregnation technique so 
as to compare their catalytic activity with the ones synthesized by the swelling in method. To 
synthesize 10wt.% Co/SiO2 catalyst, 0.521g of as prepared fumed silica (SBET = 182m
2 
g
-1
, 
PV = 0.1cm
3 
g
-1
) was contacted with 1 ml each (1 mol dm
-3
) solution of cobalt precursors 
(acetate, nitrate and acetylacetonate) in methanol respectively then dried at 110°C for 24 hrs 
followed by calcination under air at 350°C for 2hrs. The catalyst was labelled as Co-
A/SiO2(IWIM), Co-AA/SiO2(IWIM) and Co-N/SiO2(IWIM) where IWIM stands for the technique. 
5wt.% and 2.5wt.% Co/SiO2 catalyst was prepared by respectively mixing 1ml each of 0.5 
mol dm
-3
 and 0.4 mol dm
-3
 solutions of cobalt acetate, nitrate and acetylacetonate into 0.551g 
and 0.912g of as-prepared fumed silica powder. The same process of drying and calcination 
was followed to complete the preparation of the catalyst. Their labelling was also the same 
save for the percentage content of cobalt. 
 
3.2.7. Catalyst preparation by the colloidal route coupled with the swelling in method 
10ml (1 mol dm
-3
) solution of cobalt chloride in methanol was reduced with 2ml (1.89 mol 
dm
-3
) aqueous solution of sodium borohydride. To obtain 2.5wt.%, 5wt.% and 10wt.% of 
silica-supported nanoparticle cobalt catalyst, 2ml, 3ml and 4ml of the colloidal cobalt were 
respectively mixed into 4.5g, 3.3g and 2.1g of PDMS. The degassing and curing procedures 
as previously discussed were followed and the as-cured composite of colloidal cobalt 
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precursor and PDMS was calcined under air at 500°C for 1hr. The catalyst was labelled as 
2.5wt.% Co-NP/SiO2, 5wt.% Co-NP/SiO2 and 10wt.% Co-NP/SiO2.  
 
3.3. Practical Application of Methods 
3.3.1. Thermogravimetric Analysis (TGA)  
Thermal degradation profile of prepared catalyst was studied by TG using a TGA 1 Star 
System (Mettler Toledo, Switzerland). Approximately 10g of sample was heated from 25°C – 
625°C at a rate of 10°C min
-1
 under a mixture of 80% O2 in 20% N2 atmospheric condition.  
 
3.3.2. Fourier Transform Infrared - Attenuated Total Reflectance (FTIR- ATR) Spectroscopy  
Spectra information of catalysts was collected at resolution 4cm
-1
 in the range of 4000 – 
400cm
-1
 using NICOLET 380 FTIR-ATR Spectroscopy (Thermo Electron Corporation, 
USA). Background spectrum was initially collected to correct for noise, then approximately 
10mg of catalyst sample was used to perform spectrum scan, this was followed by correcting 
for ATR and baseline of the obtained spectrum. 
 
3.3.3. Powder X-ray Diffraction 
Powder X-ray diffraction (p-XRD) measurements for all synthesized catalyst was carried out 
with Bruker D2 phaser (Bruker AXS, D2 Phaser, Germany) at room temperature operated at 
40kV using Cu Kα radiation (λ = 1.54060Å). The scan step size was 0.02o and a step time of 
5sec over a 2θ range of 10° – 100o was used. The catalyst average particle sizes in diameter 
was calculated using the Scherrer equation [8] which has been discussed previously. 
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3.3.4. Nitrogen Adsorption  
Surface area by N2 physisorption (BET method), pore volume by t-plot method for all 
catalysts as well as their support were determined at 77 K after degassing at 150°C for almost 
8 hours using Micromeritics ASAP 2020 instrument (Micromeritics Instruments Corp. USA). 
 
3.3.5. Mass Spectrometry (MS)  
The catalysts were tested for catalytic activity in Fischer-Tropsch (FT) synthesis reaction 
using HPR 20 QMS sampling system Mass Spectrometry (Hiden Analytical, England. UK). 
FT synthesis reaction was carried out in an upward flow glass tube fixed bed reactor (dint = 
3.4mm) inserted into the furnace with a catalyst loading of 50mg. The process was operated 
at atmospheric pressure, at temperature of 350°C, 450°C and 550°C held for 60mins 
respectively using constant ramp rate of 10°C min
-1
 with molar ratio of H2/CO = 4. Before 
the reaction, almost all the catalysts were reduced insitu in 8% hydrogen/helium at 500°C for 
5hrs at 10°C min
-1
 with a flow rate of 30ml min
-1 
regulated by a mass flow controller (5850S 
Brooks Instruments. UK). Silica-supported nickel catalyst was reduced at 600°C for 60mins 
at 10°C min
-1
 under the same atmospheric condition as above, in reactor controlled  by 
Eurotherm temperature controller (Eurotherm. UK). The thermocouple of the Eurotherm was 
in direct contact with the catalyst to ensure an accurate temperature measurement. A 
schematic of the catalyst testing reaction set-up is shown in Figure 3.7. After reduction, the 
catalyst was cooled down to 30°C while being flushed with helium before the temperature 
was increased to the desired condition to carry out FT synthesis. The MS was set to a 
pressure of 1.3 × 10
-6
 torr and the ionic current of CO measured (in terms of the level of CO) 
before and after reaction was taken. A typical mass spectrometry plot of ionic current of CO 
and methane against temperature and time is shown in appendix 2.  
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Figure 3. 7. Schematic of catalyst testing reaction set up 
 
 
CO conversion / % = normalised ion current 
CO (before reaction - after reaction) 
CO (before reaction)
 × 100    Eq.3.16 
 
The amount of CO conversion (%) based on the level of its measured ion current which was 
normalised by the relative sensitivity of CO was calculated using equation 3.16. The worked 
example of calculation using equation 3.16 is shown in appendix 3  
 
 
CH4 formation / % = normalised ion current 
(CH4 formed) 
( CH4 formed + converted CO)
 × 100          Eq.3.17 
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The amount of methane formed (%) based on the level of its measured ion current that was 
normalised by the relative sensitivity of methane was calculated according to equation 3.17. 
The worked example using equation 3.17 is shown in appendix 4. 
The ratio of methane formed to CO conversion was calculated according to equation 3.18 
 
Ratio of CH4 formation to CO conversion = 
 CH4 formation / %
 CO conversion / %
                                      Eq. 3.18 
 
Worked example of calculation using equation 3.18 is shown in appendix 5.  
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CHAPTER 4  
Thermal synthesis of porous silica with 
different surface area and pore volume 
       
This chapter discusses the influence of changes in isothermal time and temperature on the 
mass loss of PDMS samples which was used for thermal synthesis of porous silica powder, 
the effect of time and temperature on the surface area and pore volume of the synthesized 
silica and its characterisation using XRD, FTIR and nitrogen adsorption techniques were 
also covered.  
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4.0. Introduction  
Silica powders have enormous relevance over a wide range of application such as catalyst 
support, in construction of light weight building materials, adsorbents and as sensors for 
humidity [1-3]. 
Numerous methods have been reported for the synthesis of silica powders which involve 
chemical vapour deposition [4], plasma methods [5], co-condensation [6], sol-gel processing 
[7, 8], micro-emulsion [9], combustion and hydrothermal techniques [10-12]. Silica powders 
prepared by these methods have unique properties such as large surface area, fine particle 
size and good dispersion. However, the optimum temperature (1027°C) of synthesis is often 
high and the experimental set up can be complex or multi-stage [5, 12].     Hence, an 
alternative and easier route of producing porous silica powders could have numerous 
commercial benefits.  
Thermal degradation of polydimethylsiloxane (PDMS) has been extensively studied for over 
6 decades and it is well known that the oxidative decomposition of PDMS produces white 
silica powder [13-22]. It has been shown that, as the rate at which PDMS is heated 
increases, evaporation of oligomers (dimethylsiloxanes) and other gaseous waste produced 
by decomposition also increases [18]. Camino et al. [19] proposed that thermal degradation 
process of PDMS occurs through at least two steps and two of these steps could overlap at a 
higher rate of heating. This degradation process involves formation of cyclic oligomers 
through a molecular mechanism of Si-O bond cleavage and a radical mechanism which 
occurs through homolytic Si-CH3 bond scission at high temperature to produce methane by 
hydrogen abstraction. Zhou et al [20] found that at low temperature, polysiloxanes with 
phenyl side groups have higher thermal stability than those with only methyl group. It has 
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been reported recently [22] that PDMS crosslinked with polymethylmethoxysiloxane 
(PMMOS) reduces the oxidative degradation of carbon portion in PDMS. 
Although, a large amount of work has been carried out on this polymer, most of these 
studies were based on the kinetics, mechanisms and stability of the thermal degradation of 
polydimethylsiloxane with emphasis on the gaseous products [18 – 22]. While very little 
attention has been paid to silica powder as the product.  
 
4.1. Results and discussion 
4.1.1. Thermal synthesis of porous silica powder  
Fumed silica powder was synthesized through thermal oxidative degradation of both 
degassed and gassed PDMS sample but as both samples gave similar oxidative behaviour. 
Fig. 4.1 shows a typical TG/DTG mass loss curve for PDMS to SiO2 using degassed sample 
heated in air up to 650°C at a set rate of 5°C min
-1
. Here, we observe an experimental mass 
loss of 47.5% while Camino et al [18] reported an experimental mass loss of 47% with a 
deviation of ±15% for the decomposition of PDMS to silica.  
The peak A (at around 350°C)  indicates partial degradation of PDMS to SiO2 while peak B 
at 500°C shows complete degradation of PDMS to SiO2 [18]. In the process of PDMS 
decomposing to silica powder, this mass loss could be due to oxidative thermal breakdown 
of the methyl functional groups to form water vapour, carbon dioxide and the possible loss 
of volatiles present in the PDMS which might be plasticizers (such as vinyl – methyl – 
siloxane which helps in enhancing the polymer’s flexibility and to improve its flow 
properties) from the slygard 184 [23, 24]. This mass loss can also be assigned to evaporation 
of gaseous silicon based oligomers from the PDMS as Camino et al. [19] showed that the 
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major degradation products of PDMS are a mixture of oligomers(dimethylsiloxanes), CO2 
and water vapour.  
 
 
Figure 4. 1. TG/DTG mass loss of PDMS to SiO2 using degassed sample heated in air at 
5°C min
-1
 to 650°C 
 
4.1.2. FTIR and XRD analysis of synthesized silica powder  
To investigate if the powder obtained from oxidative thermal degradation of PDMS was 
actually silica powder and also to show that there was no conversion of PDMS to SiO2 when 
heat treated at 300°C, the spectra of untreated PDMS, sample heat treated at 300, 450 and 
650°C were considered. Figs. 4.2 (a) – (b) showed spectra with sharp absorption bands at 
1260cm
-1
, 787cm
-1
 and weak bands at 1412cm
-1
, 843cm
-1 
and 688cm
-1
 which indicate C-H 
and Si-C stretching vibrations of CH3 and Si-CH3 due to the presence of carbon.  
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Figure 4. 2. IR spectra of (a) untreated degassed PDMS, (b) degassed PDMS sample heated 
to 300°C at 5°C min
-1
 in air while (c) – (d) is synthesized porous SiO2 powder from PDMS 
heated in air at 5°C min
-1
 to 450 and 650°C.  
 
The two shouldered bands at 1061cm
-1
 and 1009cm
-1 
are indicative of Si-O-Si vibration. 
These peaks are all reflective of the presence of PDMS. It is worth to note that the spectrum 
of degassed PDMS sample heat treated at 300°C has the same absorption peaks as that of 
untreated PDMS which suggest that PDMS did no convert to SiO2 at this temperature.  
In Figs. 4.2 (c) – (d), the Si-O-Si vibration peaks still remained but change from shouldered 
bands to one broad peak at 1061cm
-1 
which indicates cleavage of the Si-O bond in the long 
polymer chains. The broad band at 808cm
-1
 points to Si-O-Si symmetric stretching 
vibrations. These bands strongly suggest the presence of porous silica powder and it is in 
agreement with those reported by Han et al [22]. An XRD analysis was also carried out to 
confirm that heat treated PDMS at 300°C remained as PDMS while sample heated at 450 
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and 650°C resulted to silica powder. Figs. 4.3 (a) – (b) did not give any peak which 
confirms that treated PDMS at 300°C retained PDMS properties. While Figs. 4.3 (c) – (d) 
showed broad peaks at 2θ = 22.5o indicating the presence of amorphous silica structure 
which supports the FT-IR data.  
 
 
Figure 4. 3. XRD patterns of (a) untreated degassed PDMS sample, (b) PDMS heated in air 
at 5°C min
-1
 to 300°C and (c) – (d) synthesized porous SiO2 powder from PDMS heated in 
air at 5°C min
-1
 to 450 and 650°C. (◊) – XRD peak intensity of amorphous SiO2 at 2θ = 22.5 
 
 
A visual inspection of untreated PDMS and its heated samples at 300, 450 and 650°C was 
also carried out to further support the results shown by FT-IR and XRD. It can be seen in 
Figs. 4.4 (a) – (b) that PDMS heated at 300°C only goes from flexible to brittle (loss of 
plasticizers), the silica synthesized at 450°C as shown in Fig. 4.4(c) appears to be quite 
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granulated while silica which was thermally prepared at the highest temperature seems to be 
a fine powder.  
 
 
Figure 4. 4. Images of (a) untreated degassed PDMS, (b) brittle form of PDMS and (c) – (d) 
synthesized porous SiO2 powder from PDMS heated in air at 5°C min
-1
 to 450 and 650°C  
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4.1.3. Isothermal time and temperature effect on mass loss of decomposed PDMS samples 
The influence of changes in isothermal time at a set temperature and changes in temperature 
at a set isothermal time on the mass loss of decomposed PDMS (degassed and gassed) 
samples was studied as shown in Table 4.1. The mass loss recorded by degassed and gassed 
PDMS samples heated in air to 300°C for 20hrs could be attributed to removal of 
plasticizers from the PDMS.  
 
Table 4. 1. Isothermal time and temperature effect on mass loss of PDMS samples  
Temperature / 
°C  
Dwell 
time, hr 
Mass loss of degassed PDMS 
to silica, % ± SD 
Mass loss of gassed PDMS 
to silica, % ± SD 
 
300 
 
20 10.3 ± 0.2 10.7 ± 0.4 
350 
 
14 24.8 ± 0.3 26.1 ± 0.4 
450 
 
1 41.9 ± 0.6 42.2 ± 1.0 
  
3 40.9 ± 0.2 40.2 ± 0.5 
7 41.1 ± 0.2 40.7 ± 1.0 
  
15 42.7 ± 0.5 40.6 ± 0.6 
     500 
 
1 43.1 ± 0.4 46.9 ± 0.7 
  
5 44.6 ± 0.4 48.8 ± 1.2 
     550 
 
3.5 47.6 ± 0.7 46.4 ± 0.5 
 
 
The mass loss obtained when temperature increased to 350°C after 14 hours indicates an 
initial conversion of PDMS to silica as shown by thermal analysis data. Samples heated at 
450°C held for 1 and 7 hrs showed similar mass losses while degassed samples heated to the 
same temperature but held for 3 and 15 hrs resulted in increases in mass losses when 
compared to gassed PDMS samples. It is expected that gassed samples should record higher 
mass loss than degassed samples due to the presence of excess oxygen but this was not the 
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case. This anomaly could be due to sudden loss of mass in the gassed PDMS samples due to 
possible vigorous reaction, scattering part of the sample from the crucible during oxidation. 
When the temperature was increased to 500°C for 1hr, an increase in mass loss of 1.2% for 
degassed and 4.7% for gassed samples relative to those heated at 450°C for 1hr was 
observed. Meanwhile, an increased mass loss of 3.8% for gassed PDMS in relation to the 
degassed samples, both heated to 500
o
C for 1hr was obtained. When the time at constant 
temperature of 500°C was increased to 5hrs, an increased mass loss of 4.2% was observed 
for gassed samples compared to the degassed. The relative increase in mass losses (1.2% 
and 4.7%) is most certainly due to higher temperature which enhances the rate of oxidation 
giving rise to increased mass loss. The marked increase in mass losses of 3.8% and 4.2% 
seen at 500°C for 1 and 5 hrs could be due to the presence of excess oxygen in gassed 
PDMS samples and could also be attributed to random variation as shown by their SD 
values when compared to their degassed counterparts. The impact of increase in temperature 
can also be seen in mass loss of PDMS heated to 550°C for 3.5 hrs especially the degassed 
samples. Overall, it has been shown that higher temperature at a set time results to more 
mass loss in both samples while no significant difference in mass was observed between 
degassed and gassed PDMS samples.  
 
4.1.4. Influence of isothermal time and temperature on structural properties of silica  
The structural properties of the synthesized silica powder were examined as a function of its 
route of preparation as well as temperature and isothermal time dependence. Table 4.2 
shows the effect of changes in isothermal time at constant temperature and that of increase 
in temperature with time on the BET surface area, micropore and total pore volume of silica  
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Table 4. 2. Influence of isothermal time and temperature on BET surface area, micropore 
volume and total pore volume of porous silica from PDMS samples 
 
prepared using degassed and gassed PDMS. It can be seen in both samples that as 
isothermal time at 450°C increases from 1 to 15 hrs, there is a steady decrease in surface 
area and as temperature increases to 500°C at 1hr, the surface area also reduced relatively 
compared to the surface area of silica prepared at 450°C for 1 hr.  A decrease in surface area 
can also be noticed as isothermal time increases to 5 hrs at 500°C. The trend displayed by 
the textural properties of silica powder at 450°C is most likely due to increase in isothermal 
time which could bring about possible destructive oxidative transformation taking place 
during thermal treatment resulting in the collapse of the SiO2 external surface [25]. This 
structural breakdown would further make the surface of the SiO2 powder less accessible to 
nitrogen gas molecules during physisorption. The decrease in surface area at 500°C for 1hr 
when compared to that at 450°C for 1hr is likely due to increase in temperature while the 
Temp 
/ °C 
Time, 
 hr 
Mean S.ABET, 
m
2
 g
-1
 ± SD 
a
 
 
MPV,        TPV, 
cm
3
 g
-1 a       
 cm
3
 g
-1 a
 
 
Mean S.ABET,   
m
2
 g
-1
 ± SD 
b
 
MPV,        TPV, 
cm
3
 g
-1
 
b       
cm
3
 g
-1
 
b       
 
        
 
450 
 
1 
 
153 ± 2.9 
 
0.06         0.07      
 
115 ± 3.2 
 
0.05          0.06 
 
 3 95 ± 3.2 0.04         0.05 86 ± 1.3 0.03          0.04  
 7 93 ± 1.8 0.04         0.05 85 ± 3.5 0.03          0.04  
 15 53 ± 2.0 0.02         0.03 43 ± 0.6 0.02          0.03  
500 1 114 ± 0.6 0.05         0.06 109 ± 3.8 0.05          0.06  
 5 91 ± 0.9 0.04         0.05 80 ± 2.5 0.03          0.04  
550 3.5 89 ± 2.6 0.04         0.05 88 ± 4.2 0.03          0.04 
 
 
 
a
 Surface area and pore volume of porous silica prepared from degassed PDMS samples  
b 
Surface area and pore volume of porous silica prepared from gassed PDMS samples
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reduced surface area at 500°C for 5 hrs is again due to increase in isothermal time. It can 
also be seen that there is decrease in micropore and total pore volume of the synthesized 
silica as a function of increase in isothermal time at constant temperature as well as increase 
in temperature at constant isothermal time, save at 450°C for 3 and 7 hrs. This decline in 
pore volume as a result of increase in time and temperature is likely attributed to the 
collapse of the pores and shrinkage of the silica frameworks. The similar pore volume for 
silica at 450°C for 3 and 7 hrs suggests slight impact of increase in time at this temperature 
which seems quite reasonable, because the related surface area recorded at these times were 
95 and 93 m
2
 g
-1 
for degassed and 86 and 85 m
2
 g
-1 
for gassed PDMS samples. 
It is worth noting that the micropore volume data shown in this work are in agreement with 
those recently reported by Bo Sun et al [26]. Moreover, the standard deviation for the pore 
volume was not reported as the values were close to zero.  
In general it can be seen that increase in isothermal time at constant temperature and 
increase in temperature at constant time has deleterious effects on BET surface area and 
pore volume of porous silica powder prepared from degassed and gassed PDMS samples. 
Synthesized silica powder from degassed PDMS samples had enhanced surface area and 
pore volume. Overall silica powder at 450°C for 1hr has the most improved surface area and 
pore volume, followed by those at 500°C for 1hr while silica heated at 450°C for 15 hrs 
recorded the least surface area, micropore and total pore volume.  
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4.2. Conclusions  
It has been shown that PDMS treated at 300°C for 20 hrs goes from flexible to brittle PDMS 
due to loss of plasticizers without conversion to SiO2, powder residue obtained at 450°C 
during oxidative thermal degradation of PDMS samples heated to 650°C is confirmed to be 
silica as shown by FT-IR and XRD data and also by visual inspection. Isothermal studies 
indicated that increase in isothermal time at constant temperature and increase in 
temperature at constant time has deleterious effect on the textural properties of synthesized 
porous silica. Silica powder from degassed and gassed PDMS samples heated at 450°C and 
500°C held at 1hr respectively recorded the most reasonable BET surface area and pore 
volume. A typical t-plot of the porous synthesized silica powder as shown in appendix 6 
suggests that the material is microporous. Hence, the t-plot method was used to report 
micropore volume of obtained silica powder. 
Meanwhile, it was considered that this reported technique could have potential application 
for the synthesis of silica-supported catalyst for Fischer-Tropsch synthesis.   
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CHAPTER 5  
Characterisation of Fischer-Tropsch catalyst  
       
This chapter covers results and discussion on TG, XRD, FTIR and nitrogen adsorption 
characterisation of cobalt based Fischer-Tropsch catalyst prepared by the swelling in method 
and incipient wetness impregnation technique. It also discusses results on characterisation of 
iron and nickel based catalysts which were synthesized by the swelling in method.  
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5.1. Results and discussion  
5.1.1. Characterisation of catalyst calcination    
The thermal oxidative behaviour for a range of synthesized catalysts was examined using TG 
and DTG. This includes catalyst prepared with cobalt, iron, nickel and ruthenium metals, 
using the swelling-in and colloidal methods with a polymer (PDMS) as the initial support 
which decomposed to silica as the final support. Specifically, 10% by weight of metal 
precursor of the as-prepared PDMS supported (Co-A/PDMS, Co-AA/PDMS, Co-N/PDMS, 
Co-N-Ru/PDMS, Fe/PDMS and Ni/PDMS) catalysts, which were all synthesized by the 
novel method (SIM); were investigated by TG-DTG measurement from 25 to 625°C using a 
rate of 10°C min
-1
 under the flow of a mixture of 80% O2 in 20% N2 atmospheric condition. 
Fig. 5.1 shows the oxidative degradation of PDMS supported cobalt acetate (10% Co-
A/PDMS(SIM)) to form 10% Co-A/SiO2(SIM).  
 
 
Figure 5. 1. TG/DTG mass loss curve of 10% Co-A/PDMS (SIM) to 10% Co-A/SiO2(SIM) 
catalyst heated at a rate of 10°C min
-1
 under the flow of a mixture of 80% O2 and 20% N2.    
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It can be seen that there is a slight mass loss at temperature region beginning from 46°C till 
around 182°C, with two peaks at A (292°C) and B (450°C) with an experimental mass loss of 
52.5%. This mass loss could be contributed by 7.2% for removal of hydrated water (46°C – 
182°C). Peak A suggests removal of carbon dioxide (17.7%) via acetate combustion to form 
cobalt oxide [1, 2]. Peak B indicates degradation of PDMS to silica powder (18.9%) while the 
remaining 8.7% of the total experimental mass loss could probably be due to loss of 
polymeric volatiles such as plasticizers and oligomers. In fact, G. Camino et al. [3] has shown 
that the major degradation products of PDMS are a mixture of oligomers, CO2 and water 
vapour. 
Meanwhile, it is important to mention that previous work has shown that the degradation 
process of PDMS to silica occurs through two competing steps [3, 4]. Therefore, the presence 
of cobalt metal could have affected the decomposition behaviour of PDMS to silica as shown 
by the large peak at point B which could possibly be a combination of two peaks.  
 
 
Figure 5. 2. TG/DTG mass loss curve of 10% Co-AA/PDMS (SIM) to 10% Co-AA/SiO2(SIM) 
catalyst heated at a rate of 10°C min
-1
 under the flow of a mixture of 80% O2 and 20% N2.   
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Fig. 5.2 is TG/DTG mass loss curve for the degradation of cobalt acetylacetonate supported 
on PDMS. It shows mass loss at temperature range of 49 – 119°C, and four peaks at A 
(182°C), B (260°C), C (432°C) and D (518°C). The measured mass loss was 56.8% and it 
could be due to loss of 7% for removal of absorbed water, while the peaks at A and B might 
be due to loss of carbon dioxide (17.1%) to form cobalt oxide. The peaks at C and D could 
contribute to the rest mass loss (32.7%) due to partial and complete conversion of PDMS to 
silica as well as loss of other volatiles present in the polymer [3, 4].   
 
 
Figure 5. 3. TG/DTG mass loss curve of 10% Co-N/PDMS(SIM) to 10% Co-N/SiO2(SIM) 
catalyst heated at a rate of 10°C min
-1
 under the flow of a mixture of 80% O2 and 20% N2.  
 
 
Fig. 5.3 which is the decomposition of PDMS supported cobalt nitrate to Co/SiO2 catalyst 
shows a steady mass loss at temperature between 46 – 134°C and three peaks at A (189°C), B 
(271°C) and C (456°C) with an experimental mass loss of 57.6%. It has been reported that 
the degradation of cobalt nitrate proceeds with the release of nitrogen dioxide, water and 
oxygen [5]. Hence, the measured mass loss could be due to loss of water (6.2%) at 134°C, 
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oxygen (5.5%) at peak A while peak B represents nitrates decomposition to lose nitrogen 
dioxide (15.8%). The rest mass loss (30.1%) is likely due to conversion of PDMS to silica as 
shown at peak C and also from possible removal of silicon based waste gases [6].  
The decomposition behaviour of ruthenium promoted cobalt nitrate supported on PDMS as 
shown in Fig. 5.4 was also studied.    
 
 
Figure 5. 4. TG/DTG mass loss curve of 10% Co-N-Ru/PDMS(SIM) to 10% Co-N-
Ru/SiO2(SIM) catalyst heated at a rate of 10°C min
-1 
under the flow of a mixture of 80% O2 and 
20% N2.   
 
It shows a similar degradation pattern as the un-promoted Co/SiO2 catalyst prepared from 
cobalt nitrate (Fig. 5.3) except a reduced decomposition shown by the flattened DTG peak at 
point B which could be due to the presence of ruthenium modifying the thermal behaviour of 
cobalt. Hence, slowing down its rate of decomposition [7]. The experimental mass loss 
(56.1%) again could be due to loss of water, oxygen and nitrogen dioxide and the evaporation 
of dimethylsiloxanes from PDMS. 
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Figure 5. 5. TG/DTG mass loss curve of 10% Co-NP/PDMS(SIM) to 10% Co-NP/SiO2(SIM) 
catalyst heated at a rate of 10°C min
-1
 under the flow of a mixture of 80% O2 and 20% N2.     
 
The TG/DTG mass loss curve for PDMS supported cobalt nanoparticles is shown in Fig. 5.5, 
it has a steady mass loss with two peaks at A (340°C) and B (470°C), with a total measured 
mass loss of 40.1%. This experimental mass loss is mainly from the decomposition activities 
of PDMS to silica [3, 4] .  
Decomposition of PDMS supported iron nitrate composites to silica-supported iron catalyst is 
shown in Fig. 5.6, it has a total mass loss of 44.7% and it can be seen that there is a steady 
mass loss at temperature range of 25 – 120°C and two peaks at A (197°C) and 464°C 
indicated by B. The mass loss could be loss of hydrated water (4.5%), while the combustion 
of ferric nitrate at peak A could lead to loss of 11.4% (nitrogen dioxide) and 4% for oxygen 
to produce iron oxide. The rest mass loss (24.8%) could be from oxidative thermal 
conversion of PDMS to silica as well as loss of other polymeric properties present in the 
PDMS [5].    
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Figure 5. 6. TG/DTG mass loss curve of 10% Fe/PDMS(SIM) to 10% Fe/SiO2(SIM) catalyst 
heated at a rate of 10°C min
-1
 under the flow of a mixture of 80% O2 and 20% N2. 
 
 
  
Figure 5. 7. TG/DTG mass loss curve of 10% Ni/PDMS(SIM) to 10% Ni/SiO2(SIM) catalyst 
heated at a rate of 10°C min
-1
 under the flow of a mixture of 80% O2 and 20% N2.     
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TG/DTG mass loss curve for nickel supported on PDMS is shown in Fig. 5.7, it shows a 
steady mass loss at temperature region of 40 – 150°C, three peaks designated as A (181°C), B 
(322°C) and C (464°C) with an experimental mass loss of 55.1%. The steady mass loss could 
refer to 6.2% for removal of hydrated water, peaks and A and B could be attributed to loss of 
nitrogen dioxide (15.8%) and oxygen (5.5%) due to oxidative thermal breakdown of nickel 
nitrate to form nickel oxide. Decomposition of PDMS to silica which is designated as peak C 
as well as other evaporated polymeric volatiles in the course of the whole decomposition 
process could have contributed to the rest mass loss of 27.6% [3].  
 
5.1.2. Catalysts characterisation by FTIR-ATR, XRD and Nitrogen adsorption 
The physicochemical properties of calcined catalysts, which were prepared using both the 
swelling in and incipient wetness impregnation methods, were investigated using FTIR, XRD 
and nitrogen adsorption. FTIR analysis allowed the surface chemical properties to be 
examined, whilst XRD and nitrogen adsorption allowed characterisation of the internal 
structure and surface area. Figs. 5.8 (a) – (d) show a typical FTIR spectra of silica-supported 
cobalt based catalyst using cobalt precursor of acetate, acetylacetonate and nitrate and also 
ruthenium promoted cobalt nitrate synthesized by the swelling in method. It can be seen that 
all the spectra display similar spectroscopic behaviour except Fig. 5.8 (d) which has an 
intense and broad peak at 1090cm
-1
. The absorption bands at 1090, 1016 and 798cm
-1
 all 
agree with the formation of SiO2 bond structure with peaks at 1090cm
-1
 and 1016cm
-1
 
corresponding to asymmetric stretching vibration of Si-O-Si bond while that of 798cm
-1
 
indicates Si-O-Si bond symmetric vibration [8]. The narrow peaks at 663 and 565cm
-1
 
indicate vibration of Co(III)-O bond in Co3O4. These peaks could also be attributed to Co-O 
stretching. 
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Figure 5. 8. FTIR spectra of (a) 10% Co-A/SiO2(SIM), (b) 10% Co-AA/SiO2(SIM), (c) 10% Co-
N/SiO2(SIM) and (d) 10% Co-N-Ru/SiO2(SIM) catalysts prepared by the swelling in method   
 
 
Figure 5. 9. XRD peaks patterns of (a) 10% Co-A/SiO2(SIM), (b) 10% Co-AA/SiO2(SIM), (c) 
10% Co-N/SiO2(SIM) and (d) 10% Co-N-Ru/SiO2(SIM) catalysts prepared by the swelling in 
method. (+) – Co3O4 peak intensity at 2θ = 36.9
o
. (×) – CoO peak intensity at 2θ = 42.8o     
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This result confirms the thermal characterisation data and it is in agreement with those 
reported by Fouad et al [9].  
XRD peaks patterns of the catalyst as shown in Figs. 5.9(a) – (d) was also examined to verify 
FTIR data. The peaks indexed at 2θ = 36.9° and 42.8° relate to Co3O4 and CoO respectively. 
This XRD data is in agreement with FTIR results and it suggests that most of the cobalt 
oxides are present on the silica surface [9-11]. Table 5.1 shows XRD derived particle sizes, 
BET surface area, t-plot micropore volume, total pore volume and average pore width of 
silica-supported cobalt based catalyst prepared by the swelling in method.  
 
Table 5. 1. XRD and N2 adsorption results for cobalt catalyst prepared by the SIM 
 
a
 calculated using Scherrer equation [12, 13] 
b 
calculated using d (Co
o
) = 0.75*d(Co3O4) [14] 
 
 
 
Catalyst  
designation 
 
Co content,   
wt.% 
 
XRD derived 
crystallite diameter, 
nm   
 
S.A BET, 
m
2
 g
-1
 
 
MPV,        TPV,      Pw, Å  
cm
3
 g
-1 
         cm
3
 g
-1
 
Co3O4 
a
 Co
o b 
   
        Co-A/SiO2(SIM) 2.5 13.0 9.8 462 0.11          0.25        21.6 
 
5 13.0 9.8  
 
445 0.10          0.23        20.7 
 
10 22.0 16.5  
 
407 0.09          0.21        20.5 
Co-AA/SiO2(SIM) 
 
2.5 
 
16.8 
 
12.6 
  
485 
 
0.12          0.26        21.2 
 
5 13.0  9.8  
 
402 0.09          0.20        20.3 
 
10 16.2 12.2  
 
400 0.07          0.20        20.0 
Co-N/SiO2(SIM) 
 
2.5 
 
17.7 
 
13.3 
  
504 
 
0.12          0.26        20.7 
 
5 13.0  9.8  
 
500 0.11          0.25        20.2 
 
10 13.4 10.1  
 
438 0.09          0.22        19.8 
Co-N-
Ru/SiO2(SIM) 
 
2.5 
 
15.0 
 
11.3 
  
430 
 
0.11          0.22        20.3 
 
5 16.3 12.2  
 
399 0.10          0.20        19.9 
10 13.0  9.8  349 0.09          0.17        19.8 
    
   
 
       
Chapter 5                                                                                   Characterisation of FT catalysts  
109 
 
The cobalt crystallite diameter sizes were calculated using the Scherrer equation [12, 13], the 
expected sizes of metallic cobalt were estimated according to the method reported by Venezia 
et al. [14] whereby the calculated particle sizes of Co3O4 is multiplied by 0.75. The proximity 
of these estimated particle sizes of Co metal to those measured by transmission electron 
microscopy (TEM) and H2-chemisorption has been well documented [10, 14, 15]. Moreover, 
previous report has stated that XRD derived cobalt crystallites sizes in the range of 6 – 25nm 
are relatively quite accurate [16]. This implies that the calculated cobalt particle sizes might 
be relatively close to experimental values. It can be seen in Table 5.1 that there is a steady 
decrease in surface area and pore volume as the amount of cobalt increases which could 
indicate partial blockage of silica pores by species of cobalt oxide [2, 11, 17, 18].  
 
 
Figure 5. 10. Nitrogen adsorption-desorption isotherm of cobalt based silica-supported 
catalyst synthesized by the swelling in method. 
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The t-plot method was used to report the pore volume of the catalyst because of the features 
demonstrated by its typical nitrogen adsorption – desorption isotherm as shown in Fig. 5.10. 
It can be seen that it is a pseudo type I isotherm (as the plateau is basically due to micropores 
filling and not monolayer limit), it indicates that the material is microporous while it also has 
an H4 hysteresis loop which suggest the presence of some mesopores with particles that are 
assembled in a coherently loosed manner  [19, 20]. The average pore width as shown in Table 
5.1 and the typical BJH pore size distribution (as shown in appendix 7) of cobalt based silica-
supported catalyst synthesized by the swelling in method, further support the presence of 
mesopores in the material  
 
 
Figure 5. 11. FTIR spectra of (a) 10% Co-A/PDMS(SIM), (b) 10% Co-AA/PDMS(SIM) and (c) 
10% Co-N/PDMS(SIM) catalysts prepared by SIM but calcined under N2 in vacuum.    
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Figs. 5.11 (a) – (c) show spectra of polydimethylsiloxane (PDMS) supported cobalt based 
catalyst prepared from precursor of acetate, acetylacetonate and nitrate via the proposed 
method but calcined under the flow of nitrogen in vacuum. Absorption bands at 1257, 841, 
785 and 688cm
-1
 indicate C-H and Si-C stretching vibrations of CH3 and Si-CH3. The peak at 
1005cm
-1
 relates to Si-O-Si vibration. All these peaks reflect the presence of PDMS [8] 
which suggest that the polymeric support of cobalt catalyst synthesized by the swelling in 
method but calcined under the atmospheric condition already described did not decompose to 
silica but retained its polymeric properties. It is worth to note that the spectra for this catalyst 
showed no absorption peak for cobalt oxides species which indicates that cobalt oxides are 
scarcely on the surface of the polymeric support [21]. XRD data for this catalyst could not be 
obtained as diffraction pattern for cobalt oxides species was not detected probably due to the 
highly amorphous nature of the support which confirms lack of infrared absorption peak for 
cobalt. Besides, nitrogen adsorption – desorption measurement could not be carried out as 
well due to the rubber-like plastic nature of the sample.   
 
  
Figure 5. 12. FTIR spectra of (a) SiO2, (b) 10% Co-A/SiO2(IWIM), (c) 10% Co-AA/SiO2(IWIM), 
(d) 10% Co-N/SiO2(IWIM) catalysts prepared by the incipient wetness impregnation method.     
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FTIR spectra of silica-supported cobalt based catalyst prepared by incipient wetness 
impregnation method using precursor of cobalt acetate, acetylacetonate and nitrate as well as 
the spectrum of porous silica powder is shown in Figs. 5.12 (a) – (d).  
It can be seen that the intense bands at 1095 and 1055cm
-1
  and the broad peak at 808cm
-1
 
which correspond with the formation of silica are present in all the spectra while the narrow 
bands at 667 and 569cm
-1
 which indicate the presence of Co3O4 or CoO are absent in the 
silica support without cobalt [22-24].  
 
 
Figure 5. 13. XRD peaks patterns of (a) 10% Co-A/SiO2(IWIM), (b) 10% Co-AA/SiO2(IWIM) and 
(c) 10% Co-N/SiO2(IWIM) catalysts prepared by the incipient wetness method. (+) – Peak 
intensity of Co3O4 at 2θ = 31.6° and 36.8
o
.  
 
Figs 5.13(a) – (c) show XRD diffraction patterns for the catalyst, the peaks indexed at 2θ = 
31.6° and 36.8° indicate Co3O4 spinel phase as the only oxide of cobalt present [25]. The 
average Co3O4 crystallites diameter sizes in and that of metallic cobalt were calculated as 
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already described [12-14]. These estimated values as well as their related surface area, pore 
volume and pore width are listed in Table 5.2. It can be seen that the surface area and pore 
volume of silica support is higher than those of cobalt based catalysts while the surface area 
of catalyst with higher cobalt content is minimised compared to the catalyst with lower cobalt 
loading. This trend is probably due to partial filling of silica pores by the added species of 
cobalt which seems to be more apparent in catalyst with the highest loading [14]. It appears 
that there is more filling of silica pores by cobalt species of the catalyst prepared by swelling 
in method which seems to be one of the advantage of this method compared to incipient 
wetness impregnation technique. 
 
Table 5. 2. XRD and textural data for Co/SiO2 catalyst prepared by impregnation method   
 
a
 calculated using Scherrer equation [12, 13] 
b 
calculated using d (Co
o
) = 0.75*d(Co3O4) [14] 
 
Sample  
designation 
 
Co content,      
wt.% 
 
XRD derived  
Crystallite 
diameter, nm   
 
  S.A BET,  
  m
2
 g
-1
 
 
MPV,          TPV,        Pw , Å 
cm
3
 g
-1 
       cm
3
 g
-1
 
Co3O4 
a
 Co
o b 
   
  
    
 
   SiO2 
 
Co-A/SiO2(IWIM) 
- 
 
2.5 
 - 
 
13.0 
   - 
 
   9.8 
 182 
 
155 
0.07           0.09         19.8 
 
0.06           0.08         21.3 
 
5 22.2   16.7  
 
154 0.06           0.08         20.8 
 
10 19.9   14.9  
 
144 0.05           0.08         22.4 
Co-
AA/SiO2(IWIM) 
 
2.5 
 
14.2 
 
  10.6 
  
120 
 
0.04           0.08         26.7     
 
5 16.7   12.5  
 
107 0.04           0.08         30.0 
 
10 16.8   12.6  
 
100 0.04           0.08         32.0 
Co-N/SiO2(IWIM) 
 
2.5 
 
16.6 
 
  12.5 
  
145 
 
0.06           0.08         22.1 
 
5 13.3   10.0  
 
134 0.05           0.08         24.0 
 
10 13.8   10.4  
 
133 0.05           0.08         24.2 
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Figure 5. 14. N2 adsorption-desorption isotherm of Co/SiO2 catalyst prepared by the incipient 
wetness impregnation method.    
 
A typical nitrogen adsorption – desorption isotherm of the catalyst synthesized by incipient 
wetness method is shown in Fig. 5.14. The related BJH pore size distribution which is typical 
of catalyst prepared by this method is shown in appendix 8. It can be seen that it is a type II 
isotherm with an H3 hysteresis loop which is characteristic of materials with aggregates of 
plate-like particles [19, 20]. The pore size distribution supports the presence of mesopores. 
The more narrow micropore volume of the catalyst synthesized by incipient wetness method 
compared to those prepared by the swelling in method (as already shown in Table 5.2 and 
Table 5.1) is likely responsible for this isotherm demonstrating nitrogen gas update remaining 
nearly horizontal over a wide range of the relative pressure (P/Po). Based on this isotherm, the 
t-plot method was used to report pore volume of the catalyst.      
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Figure 5. 15. FTIR spectrum of 10% Co-NP/SiO2(SIM) catalyst prepared by the colloidal route 
coupled with the swelling in method.  
 
 
Figure 5. 16. XRD peaks pattern of 10% Co-NP/SiO2(SIM) catalyst prepared by the colloidal 
route and the swelling in method. (+) – Peak intensity of Co3O4 at 2θ = 31.7
o 
and 36.9°.  
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A typical FTIR spectrum of silica-supported cobalt nanoparticles synthesized by colloidal 
route coupled with the swelling in method is shown in Fig. 5.15. The peaks at 1092cm
-1
 and 
810cm
-1
 which can be attributed to asymmetric and symmetric stretching vibration of Si-O-Si 
bond correspond with formation of SiO2 structure. The narrow bands at 665cm
-1
 and 571cm
-1
 
point to vibration of Co(III)-O bond in Co3O4, these absorption peaks agreed with the catalyst 
thermal characterisation data. The XRD peaks pattern is shown in Fig. 5.16, Co3O4 indexed at 
2θ = 31.7° and 36.9° was the only detected cobalt containing crystalline phase. The intense 
peak shown in this XRD peaks pattern is characteristic of nanoparticles.   
 
Table 5. 3. XRD and textural data for Co-NP/SiO2 catalyst prepared by the SIM   
 
Catalyst 
designation 
 
Co content,         
wt.% 
 
XRD derived 
crystallite 
diameter, nm   
 
    S.A BET, 
     m
2
 g
-1
 
 
MPV,       TPV,          Pw,  Å 
cm
3
 g
-1     
   cm
3
 g
-1
 
Co3O4 
a
 Co
o b 
   
  
    
 
   Co-NP/SiO2(SIM) 2.5 16.1 12.1  166 0.05        0.09          21.7 
 
5 20.0 15.0  
 
  133 0.04        0.08          24.1 
 
10 17.0 12.7  
 
  96 0.02        0.08          33.3 
      
 
a
 calculated using Scherrer equation [12, 13] 
b 
calculated using d (Co
o
) = 0.75*d(Co3O4) [14] 
 
The XRD derived particle sizes of Co3O4, surface area, pore volume and average pore width 
for this catalyst are listed in Table 5.3. It can be seen that the estimated particles sizes are 
well within the range of 6-25nm [12-14, 16] which suggest that these values are reasonably 
close to experimental values [9, 14]. A steady decline in surface area and pore volume of the 
catalyst can also be observed, this trend points to partial blockage of the silica pores by cobalt 
species [14]. 
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Figure 5. 17. N2 adsorption-desorption isotherm of Co-NP/SiO2 catalyst prepared by the 
colloidal route coupled with the swelling in method.  
 
 
Figure 5. 18. FTIR spectra of silica-supported(a) iron and (b) nickel based catalysts prepared 
by the swelling in method.   
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The typical isotherm for silica-supported cobalt nanoparticles catalyst is shown in Fig. 5.17 
while its related BJH pore size distribution is shown in appendix 9. It can be seen that it is a 
type IV isotherm with an H3 hysteresis loop [19, 20].          
Figs 5.18 (a) – (b) is a typical spectra of iron and nickel based silica-supported catalysts 
which were synthesized via the swelling in method. It can be observed that the intense peaks 
at 1028cm
-1
 and 800cm
-1
 shown in both spectra suggest the presence of silica [7], the narrow 
and elongated peak centred at 588cm
-1
 indicates vibration of Fe-O bond in Fe3O4 which is in 
agreement with literature values [26]. While the hump shape at around 675cm
-1
 could 
probably suggest the presence of NiO [27]. Fig. 5.19 shows XRD peak of the related silica-
supported iron based catalyst. 
 
 
Figure 5. 19. XRD peaks patterns of 10% Fe/SiO2(SIM) catalyst prepared by the novel method. 
(∆) – Peak intensity of Fe3O4 at 2θ = 35.9°, 40.9° and 52.7°.  
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It can be seen that the peaks of Fe3O4 indexed at 2θ = 35.9°, 40.9° and 52.7° has very poor 
intensity and appear almost inseparable from background noise [28]. This observation could 
be due to destructive interferences by iron oxides [29]. It might also indicate that there is not 
enough presence of Fe3O4 crystalline phase formed outside the pores of silica which means 
that the particles of Fe3O4 are uniformly locked within the silica frames [30].  
 
 
Figure 5. 20. XRD peaks patterns of 10% Ni/SiO2(SIM) catalyst prepared by the swelling in 
method. (×) – Peak intensity of NiO at 2θ = 36.9° and 43°.  
 
XRD diffraction peaks for Ni/SiO2(SIM) catalyst is shown in Fig. 5.20, the peaks indicated at 
2θ = 36.9° and 43° corresponds to NiO [31] which confirms that the hump-like absorption 
band at 675cm
-1
 found in the spectrum of Ni/SiO2(SIM) catalyst represent oxides of nickel. 
Table 5.4 contains the surface area, pore volume and average pore width of both (silica-
supported nickel and iron based) catalysts. It can be seen that as the amount of iron or nickel 
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content increases, the surface area and pore volume decreases. This is obviously due to partial 
filling of silica pores by oxides of iron or nickel [30, 31].     
Table 5. 4. The properties of iron and nickel catalysts prepared by the swelling in method   
 
Samples 
 
     Fe/Ni content,       
     wt.% 
 
   S.ABET, 
    m
2
 g
-1
 
 
MPV,          TPV,           Pw, Å 
cm
3
 g
-1  
        cm
3
 g
-1
 
     
  
       
Fe/SiO2(SIM) 
     
     2.5 
 
521 
 
0.13               0.28             21.5           
     
 
     5  517 0.13               0.26            20.1 
 
 
     10  511 0.08               0.25            19.6 
 
Ni/SiO2(SIM) 
 
     2.5 
    
580         
 
0.11               0.31            21.4 
 
     5  382 0.10               0.20            20.9 
 
 
     10  380 0.09               0.19            20.0 
     
 
 
 
 
Figure 5. 21. N2 adsorption-desorption isotherm of silica-supported iron catalyst prepared by 
the swelling in method.    
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Typical isotherms for silica-supported iron and nickel based catalysts prepared using the 
swelling in method can be seen in Figs. 5.21 and 5.22 while their related BJH pore size 
distribution are shown in appendixes 10 and 11.  
 
 
 
Figure 5. 22. N2 adsorption-desorption isotherm of silica-supported nickel catalyst prepared 
by the swelling in method.   
 
Both isotherms are pseudo type I isotherm (as the plateau is basically due to micropores 
filling and not monolayer limit), it indicates that the material is microporous while it also has 
an H4 hysteresis loop which suggest the presence of some mesopores with particles that are 
assembled in a coherently loosed manner [19, 20]. The related BJH pore size distributions 
indicate the presence of mesopores in the catalyst materials.   
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5.2. Conclusions  
The results acquired from oxidative thermal decomposition of PDMS supported cobalt, iron 
and nickel based catalysts prepared by the swelling in method showed that the polymeric 
support (PDMS) converted to porous silica. However, when a separate batch of PDMS 
supported cobalt based catalyst was calcined under vacuum in the presence of nitrogen; it was 
found that PDMS still retained its polymeric form. The data obtained from FTIR and XRD 
confirmed the thermal characterisation results. The trends displayed by the surface area and 
pore volume of catalyst synthesized by the swelling in method as percentage loading of the 
different metals increased showed that oxides of the metals are present inside the silica pores. 
The same observation was seen by silica-supported cobalt based catalyst prepared by 
incipient wetness impregnation method. Meanwhile, nitrogen adsorption – desorption showed 
that all the catalysts prepared by the swelling in method had much improved surface area and 
pore volume compared to the catalysts prepared by incipient wetness impregnation method. 
The estimated values obtained for XRD particles sizes of all synthesized silica-supported 
cobalt based catalyst using both the swelling in and incipient wetness impregnation methods 
has previously been demonstrated to be in good agreement with experimental values. The 
isotherms, hysteresis loops and pore size distribution of all the catalyst showed that they are 
both microporous and mesoporous with particles that are assembled in a coherently loosed 
manner.   
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CHAPTER 6  
Catalytic performance in FT synthesis  
       
This chapter covers results and discussion on catalytic performance of all the synthesized 
catalysts in Fischer-Tropsch synthesis reaction. The rate of CO conversion and ratio of 
methane formation to CO converted were the two parameters considered for discussion. Here, 
the effect of preparation method, temperature and time on stream, percentage content of 
cobalt, impact of cobalt precursor as well as the influence of ruthenium as a promoter on the 
catalytic activity were discussed.  
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6.1. Results and discussion 
The catalytic performance in Fischer-Tropsch synthesis of all the catalysts studied in this 
work was carried under the reaction conditions as already covered in chapter 3. Here, CO 
conversion and the ratio of methane formed to CO converted are outlined while the effect of 
preparation method, temperature and time on stream, and impact of cobalt precursor would 
be discussed. The effect of the presence of ruthenium on the catalytic behaviour of some of 
the catalyst was also outlined and discussed.  
 
6.1.1. Effect of temperature, method of synthesis and cobalt content on catalyst performance   
To outline and discuss the overall catalytic performance of the prepared catalyst, Tables 6.1 
and 6.2 show CO conversions and the corresponding ratios of methane formed to CO 
converted as a function of temperature and time for 2.5 and 5 w/w % Co/SiO2 catalyst while 
Table 6.3 show CO conversions and the corresponding ratios of methane formed to CO 
converted as a function of temperature and time for 10 w/w % Co/SiO2 and Co/PDMS catalyst 
which were prepared by two different methods using cobalt acetate, acetylacetonate and 
nitrate as precursor. Specifically, Co-A/SiO2(SIM), Co-AA/SiO2(SIM) and Co-N/SiO2(SIM) 
catalyst was prepared by the swelling in method, Co-A/PDMS(SIM), Co-AA/PDMS(SIM) and 
10% Co-N/PDMS(SIM) catalyst was prepared by the swelling in method but calcined under the 
flow of nitrogen in vacuum while Co-A/SiO2(IWIM), Co-AA/SiO2(IWIM) and Co-N/SiO2(IWIM) 
catalyst was prepared by the incipient wetness impregnation method.  
 
Chapter 6                                                                         Catalytic performance in FT synthesis   
129 
 
Table 6. 1. CO conversions and ratios of methane formed to CO converted as a function of 
temperature for 2.5 w/w % Co/SiO2(SIM) and Co/SiO2(IWIM) catalyst prepared by the swelling 
in and incipient wetness impregnation methods 
 
Reaction conditions: Pressure = 1bar, H2/CO = 4. Co-A = Decomposed cobalt acetate.  
Co-AA = decomposed cobalt acetylacetonate. Co-N = decomposed cobalt nitrate.   
a 
 These conversion values were measured once but based on their variabilities, an estimate of 
the 95% confidence limit on these values for CO conversion is typically ±15% and on the 
ratio of CH4 to CO is typically ±0.1.   
 
 
Catalyst 
 
     Temp / °C  
 
    CO conversion / %       
    after 20 mins on  
    stream 
a
 
 
Ratio of CH4 formed to 
CO converted after 
20 mins on stream 
a
  
                  
  
 
Co-A/SiO2(SIM) 
      
     350                  
  
23.9         
  
0.1         
      
 
     450                        9.3          0.3          
 
     550                                          0.6          1.0          
 
Co-A/SiO2(IWIM) 
      
     350                  
  
15.5         
  
0.4         
 
 
     450                        23.1          0.3          
 
 
     550                                         32.5            0.3          
 
Co-AA/SiO2(SIM) 
      
     350                  
  
35.1         
  
0.2         
 
     450                        45.3          0.1         
 
     550                                         34.6          0.1        
Co-AA/SiO2(IWIM) 
      
     350                   
 
11.5          
 
0.5        
 
     450                        29.1          0.3         
 
     550                                         29.1          0.2         
Co-N/SiO2(SIM) 
      
     350                   
 
40.4   
 
0.6         
 
     450                        30.1          0.7         
 
     550                                         14.2          1.0         
Co-N/SiO2(IWIM) 
      
     350                   
 
 4.4          
 
0.6         
 
     450                        8.8          0.3         
 
     550                                         19.3            0.2         
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Table 6. 2. CO conversions and ratios of methane formed to CO converted as a function of 
temperature and time-on-stream for 5 w/w % Co/SiO2(SIM) and Co/SiO2(IWIM) catalyst prepared 
by the methods as shown for Table 6.1  
 
Reaction conditions: As shown for Table 6.1.  
Co-A, Co-AA and CO-N = As shown for Table 6.1. 
a 
 These conversion values were measured once but based on their variabilities, an estimate of 
the 95% confidence limit on these values for CO conversion is typically ±20% and on the 
ratio of CH4 to CO is typically ±0.1.   
 
Catalyst 
 
     Temp / °C  
 
    CO conversion / %       
    with time on  
    stream 
a 
 
  
 
Ratio CH4 formed to 
CO converted with 
time on stream 
a
 
 
 20mins    60mins   20mins   60mins 
  
 
Co-A/SiO2(SIM) 
      
     350                  
  
80.7         72.8 
  
0.1          0.1 
       
 
     450                        72.8         76.4  0.1          0.1  
 
 
     550                                         74.9         10.6  0.1          0.5  
 
Co-A/SiO2(IWIM) 
      
     350                  
  
64.1         38.0 
  
0.2          0.1 
 
 
     450                        35.6         33.3  0.3          0.4  
 
 
     550                                          6.3            2.6  0.7          1.0  
 
Co-AA/SiO2(SIM) 
      
     350                  
  
80.5         78.3 
  
0.1          0.1 
 
     450                        71.3         55.7  0.1          0.1 
 
     550                                         61.2         13.9  0.1          0.4 
Co-AA/SiO2(IWIM) 
      
     350                   
 
83.5         68.3  
 
0.1          0.1 
 
     450                        71.4         71.8  0.2          0.2 
 
     550                                         77.3         10.0  0.1          0.5 
Co-N/SiO2(SIM) 
      
     350                   
 
55.5         22.2  
 
0.1          0.2 
 
     450                        37.9         38.7  0.2          0.2 
 
     550                                         13.8         11.5  0.3          0.4 
Co-N/ SiO2(IWIM) 
      
     350                   
 
19.9         16.7  
 
0.2          0.2 
 
     450                        13.3         10.1  0.4          0.6 
 
     550                                         10.1           6.1  0.5          0.8 
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Table 6. 3. CO conversions and ratios of methane formed to CO converted as a function of 
temperature and time-on-stream for 10 w/w % Co/SiO2(SIM), Co/SiO2(IWIM) and Co/PDMS(SIM) 
catalyst prepared by the methods as shown for Table 6.1 
 
Reaction conditions: As shown for Table 6.1. Co-A, Co-AA and Co-N = As shown for Table 
6.1   
a
 The 95% confidence limit was estimated to typically be  ±20% and ±0.1 respectively.   
 
Catalyst 
 
    Temp / °C  
 
    CO conversion / %       
    with time on  
    stream 
a
  
       
 
Ratio CH4 formed to CO     
converted with time  
on stream 
a
  
 20mins     60mins  20mins     60mins  
  
 
Co-A/SiO2(SIM) 
      
     350                  
  
16.7          21.2 
  
0.2            0.2 
       
 
     450                        42.4          39.3  0.2            0.2  
 
 
     550                                        36.3 40.1  0.1            0.1  
 
Co-A/SiO2(IWIM) 
      
     350                  
  
50.8          42.1 
  
0.5            0.5 
 
 
     450                        50.2          48.1  0.4            0.5  
 
 
     550                                        23.4 17.6  0.5            0.6  
 
Co-A/PDMS(SIM) 
      
     350                  
  
20.1          14.6 
  
0.3            0.4 
 
     450                        17.9          19.6  0.4            0.4 
 
     550                                        14.3 18.2  0.7            0.5 
Co-AA/SiO2(SIM) 
      
     350                   
 
20.2          14.1  
 
0.1            0.3 
 
     450                        16.5          13.7  0.2            0.5 
 
     550                                        17.2 10.4  0.2            0.7 
Co-AA/SiO2(IWIM) 
      
     350                   
 
85.1          78.5  
 
0.1            0.1 
 
     450                        75.1          74.9  0.2            0.2 
 
     550                                        55.9 36.1  0.2            0.2 
Co-AA/PDMS(SIM) 
      
     350                   
 
1.2              5.8  
 
1.0            0.5 
 
     450                        11.1          11.2  0.3            0.3 
 
     550                                        11.7 14.8  0.3            0.2 
Co-N/SiO2(SIM) 
      
     350                   
 
73.3          78.9  
 
0.1            0.1 
 
     450                        81.6          82.8  0.1            0.1 
 
     550                                        36.6 30.8  0.1            0.2 
Co-N/SiO2(IWIM) 
      
     350                   
 
41.5          34.1  
 
0.2            0.2 
 
     450                        49.1          40.1  0.2            0.3 
 
     550                                        39.1 17.2  0.1            0.4 
Co-N/PDMS(SIM) 
      
     350                   
 
19.6          19.3  
 
0.2            0.2 
 
     450                        20.6          21.1  0.2            0.2 
 
     550                                        20.4 23.1  0.2            0.2 
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It can be seen in Table 6.1 that at 2.5 w/w % cobalt content, Co-AA/SiO2(SIM) and Co-
N/SiO2(SIM) catalyst are the most active while Co-N/SiO2(IWIM) has the least catalytic activity. 
The best catalytic behaviour of the two catalysts can be attributed to the method of 
preparation which could have encouraged better dispersion and reducibility. Although, 
methane generated by Co-N/SiO2(SIM) catalyst is relatively high; its catalytic performance 
seems not to drop because of possible carbon deposition from disproportionation of carbon 
monoxide that produced the excess methane. The poor catalytic behaviour of Co-N/SiO2(IWIM) 
catalyst is likely due to the preparation method with the use of cobalt nitrate as precursor, this 
seems to cause poor reducibility of Co
2+
 and Co
3+
 species and inhibition of Fischer-Tropsch 
reaction [1, 2]. Meanwhile, it is well established [3-6] that the representative Fischer-Tropsch 
reaction temperature range chosen to study these catalysts would readily encourage formation 
of methane and catalyst deactivation by sintering. Previous reports has also shown that 
continuous formation of hydrocarbons such as methane leads to poisoning of cobalt active 
sites by carbon deposition during FTS [7-9] and it can be seen that the catalytic activity of 
Co-A/SiO2(SIM) catalyst agrees with this.  
In Table 6.2, it can be seen that Co-A/SiO2(SIM), Co-AA/SiO2(SIM) and Co-A/SiO2(IWIM) 
catalysts have the best catalytic activity with Co-A/SiO2(IWIM) catalyst generating more 
methane while Co-N/SiO2(IWIM) catalyst has the least catalytic activity. The catalytic 
behaviour shown by the best catalysts suggest the availability of more cobalt active sites,  
without much suffering from possible sintering effect, as temperature increases with time on 
stream. The amount of methane generated by Co-A/SiO2(IWIM) catalyst is likely due to its 
method of preparation as most of the active catalyst synthesized by the incipient wetness 
impregnation tends to produce more methane than the catalyst prepared by the swelling in 
method. The poor catalytic activity of Co-N/SiO2(IWIM) catalyst can be due to the method of 
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preparation with the use of cobalt nitrate as precursor. Meanwhile, the effect of cobalt 
precursor on catalytic performance will be covered in subsequent section.      
In Table 6.3, it can be seen that Co-AA/SiO2(IWIM) and Co-N/SiO2(SIM) are the most active 
catalysts with the catalyst prepared by the incipient wetness impregnation method producing 
more methane. Co-AA/PDMS(SIM) catalyst has the least catalytic activity. The catalytic 
behaviour of the best catalysts is attributed to less sintering of their active sites. The higher 
amount of methane generated by Co-AA/SiO2(IWIM) is likely due to its method of preparation. 
The poor catalytic activity observed for PDMS supported cobalt catalyst is most likely due to 
the presence of excessive amount of carbon in the polymeric support which could be blocking 
active sites of the catalyst [2].  
In considering the effect of cobalt content (w/w %) on catalytic activity of the catalysts 
prepared by both methods, it can be seen overall that 2.5 and 5% catalyst synthesized by the 
swelling in method are more active (with 5 w/w % being the most active) than the catalyst 
prepared by the incipient wetness impregnation method while 10% catalyst prepared by the 
incipient wetness impregnation technique is slightly more active than the catalyst synthesized 
by the swelling in method. Meanwhile, it is important at this point to mention that the 
catalytic behaviour displayed by most of the catalysts already discussed, showed that CO 
conversion is inversely dependent on the amount of methane formed which is in agreement 
with previous reports [7-9]. In addition, it has been reported [7, 9, 10] that silica-supported 
cobalt catalyst which produces smaller amount of light chain hydrocarbon product like 
methane (an unfavourable FT product) is usually more selective towards C5+ hydrocarbons 
and it can be seen overall from all the data discussed so far, that silica-supported cobalt based 
catalyst prepared by the swelling in method generated less methane when compared to those 
prepared by the incipient wetness impregnation technique. 
Chapter 6                                                                         Catalytic performance in FT synthesis   
134 
 
 Table 6. 4. CO conversions and ratios of methane formed to CO converted as a function of 
temperature and time-on-stream for Co-NP/SiO2(SIM) catalyst prepared by the swelling in and 
colloidal techniques 
 
Reaction conditions: As shown for Table 6.1. Co-NP = cobalt nanoparticles 
a 
 The estimated 95% confidence limit on these values for CO conversion is typically ±20% 
and on the ratio of CH4 to CO is typically ±0.1.   
 
 
Table 6.4 shows catalytic performance of 2.5, 5 and 10 w/w % silica-supported Co-NP 
catalyst using cobalt chloride as precursor which was prepared by the colloidal and swelling 
in method. It can be seen that these catalysts are reasonably active with 5% Co-NP/SiO2(SIM) 
as the best catalyst. This catalytic behaviour is probably due to the colloidal method of 
preparation which has been extensively reported [11-15] to encourage even distribution of 
cobalt particle sizes. In the absence of 10% Co-NP/SiO2(SIM) catalyst, it is interesting to see 
that the catalyst prepared by this method generally produced the lowest amount of methane 
compared to other silica-supported cobalt based catalysts studied in this thesis. 
 
Catalyst 
 
     Temp / °C  
 
    CO conversion / %       
    with time on  
    stream a 
       
 
Ratio CH4 formed to 
CO converted with 
time on stream a  
  20mins     60mins   20mins     60mins  
  
 
2.5% Co-NP/SiO2(SIM) 
      
 350                  
  
 89.1          63.9 
  
0.1            0.04 
      
 
 450                     48.2          40.1  0.04          0.1  
 
 550                                        33.5   14.5  0.1            0.1       
 
5% Co-NP/SiO2(SIM) 
      
 350                  
  
 94.9          78.5 
  
0.1            0.02 
 
 
 450                     67.4          62.8  0.03          0.04  
 
 
 550                                        54.5   35.5  0.1            0.04  
 
10% Co-NP/SiO2(SIM) 
      
 350                  
  
 67.4          48.0 
  
0.1            0.04 
 
 450                     36.1          24.3  0.1            0.1 
 
 550                                        12.0   2.7  0.2            0.7 
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Table 6. 5. CO conversions and ratios of methane formed to CO converted as a function of 
temperature and time-on-stream for silica-supported iron and nickel catalyst prepared by the 
swelling in method. 
 
Reaction conditions: As shown for Table 6.1.   
a 
 These conversion values were measured once but based on their variabilities, an estimate of 
the 95% confidence limit on these values for CO conversion and the ratio of CH4 to CO is 
typically ±20% and ±0.1 for silica-supportediron and ±20% and ±0.1 for nickel catalyst.  
 
 
 
 
Catalyst 
 
     Temp / °C  
 
    CO conversion / %       
    with time on  
    stream 
a
  
       
 
Ratio CH4 formed to 
CO converted with 
time on stream 
a
  
 
 20mins     60mins   20mins     60mins  
  
 
2.5% Fe/SiO2(SIM) 
      
     350                  
  
65.7          60.1 
  
0.1            0.04 
      
 
     450                        51.9          77.7  0.1            0.03  
 
     550                                         67.2 72.2  0.04          0.1  
 
5% Fe/SiO2(SIM) 
      
     350                  
  
42.7          17.3 
  
0.04          0.1 
 
 
     450                        9.3             1.7  0.2            1.0  
 
 
     550                                         3.4 4.2  0.8            0.7  
 
10% Fe/SiO2(SIM) 
      
     350                  
  
81.1           57.8 
  
0.04          0.03 
 
     450                        48.2           25.2  0.1            0.1 
 
     550                                         9.4 5.4  0.2            0.2 
2.5% Ni/SiO2(SIM) 
      
     350                   
 
70.7           54.6  
 
0.2            0.3 
 
     450                        24.8           20.1  0.1            1.0 
 
     550                                         21.2 17.8  1.0            1.0 
5% Ni/SiO2(SIM) 
      
     350                   
 
77.5           55.6  
 
0.1            0.1 
 
     450                        76.0           61.4  0.3            0.3 
 
     550                                         56.0 59.9  0.4            0.3 
10% Ni/ SiO2(SIM) 
      
     350                   
 
53.9           21.8  
 
0.1            0.2 
 
     450                        30.0           23.2  0.2            0.3 
 
     550                                         10.9 7.7  0.6            0.8 
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Catalytic activity of silica-supported iron and nickel based catalyst synthesized by the 
swelling in method, using iron nitrate and nickel nitrate as precursor was also studied. Table 
6.5 shows CO conversions and ratios of methane formed to CO converted for 2.5, 5, and 10% 
silica-supported iron and nickel catalyst. In view of silica-supported iron catalyst, it can be 
seen that 2.5% Fe/SiO2(SIM) is the most active catalyst while 5% Fe/SiO2(SIM) catalyst has the 
least CO conversion with the highest amount of methane. The catalytic behaviour shown by 
2.5% Fe/SiO2(SIM) catalyst suggests that increase in temperature did not have significant 
sintering effect on its active sites. The poor catalytic activity of 5% Fe/SiO2(SIM) catalyst is 
possibly due to high rate of deactivation by sintering and surface covering of the metallic iron 
phases by carbon deposition due to disproportionation of carbon as evidenced by the high 
amount of methane produced [16].  
Catalytic performance of silica-supported nickel based catalyst shows that 5% Ni/SiO2(SIM) 
has the best catalytic activity while 10% Ni/SiO2(SIM) catalyst is the least active and as 
expected, it can be observed that regardless of the reasonable CO conversion, the amount of 
methane produced by this catalyst is relatively quite high when compared to most of the 
silica-supported cobalt based catalyst [17, 18]. 5% Ni/SiO2(SIM) catalyst has better activity due 
to less deactivation by sintering as reaction temperature increases while 10% Ni/SiO2(SIM) 
catalyst seems to suffer from more sintering effect and slight carbon deposition. Meanwhile, 
the high amount of methane produced by nickel catalyst makes it less favourable for Fischer-
Tropsch synthesis [ 18].   
 
6.1.2. Effect of cobalt precursor on catalytic performance of silica-supported cobalt catalyst  
The influence of cobalt precursor on catalytic activity of silica-supported cobalt based 
Fischer-Tropsch catalyst has been demonstrated in the literature [7, 19, 20]. In Tables 6.1 - 
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6.3 (as already shown), it can be seen overall that the catalyst prepared by the swelling in 
method using cobalt nitrate is the most active catalyst while the ones prepared from cobalt 
acetate has the least catalytic performance. This trend in catalytic behaviour is likely due to 
cobalt nitrate being more soluble in the methanol-swollen PDMS gel and therefore ends up 
more evenly dispersed on the catalyst support during the loading stage of the catalyst 
preparation. The result is in agreement with the work of Sirirat et al [22], where it was found 
that catalyst prepared from cobalt nitrate demonstrated the highest activity which was put 
down to ease of reduction to cobalt metal and a comparative absence of interactions between 
neighbouring metal crystallites and therefore little tendency to sintering. Others have reported 
similar results [21-22] that Fischer-Tropsch catalysts prepared from cobalt nitrate exhibited 
better dispersion and higher reducibility which resulted in higher concentrations of cobalt 
metal sites for CO chemisorption. 
  
6.1.3. Effect of ruthenium addition on catalytic activity of silica-supported cobalt catalyst  
The impact of noble metal addition such as ruthenium (between 0.05 – 0.5wt.%) on the 
catalytic behaviour of silica-supported cobalt catalyst in Fischer-Tropsch synthesis reaction 
has been well documented [24-27]. In this study the effect of 0.5 w/w % ruthenium on the 
catalytic activity of 2.5, 5 and 10% Co/SiO2 catalyst prepared from cobalt nitrate by the 
swelling in method was investigated. Table 6.6 shows CO conversions and ratios of methane 
formed to CO converted for un-promoted and ruthenium promoted silica-supported cobalt 
catalyst. It can be seen that promoted silica-supported cobalt catalyst with the exception of 5 
% Co-N-Ru/SiO2(SIM) generated less amount of methane than the unpromoted catalyst. This 
observation is in agreement with previous report by Haifeng et al. [25] where it was found 
that methane selectivity decrease, with increasing amount of ruthenium.    
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Table 6. 6. CO conversions and ratios of methane formed to CO converted as a function of 
temperature and time-on-stream for un-promoted and ruthenium promoted silica-supported 
cobalt catalyst prepared by the swelling in method 
 
Reaction conditions: As shown for Table 6.1. Co-N = Decomposed cobalt nitrate. Co-N-Ru = 
Decomposed mixture of cobalt and ruthenium nitrates. 
a 
 These conversion values were measured once but based on their variabilities, an estimate of 
the 95% confidence limit on these values for CO conversion is typically ±15% and on the 
ratio of CH4 to CO is typically ±0.1.   
 
 
 
Catalyst 
 
     Temp / °C  
 
    CO conversion / %       
    with time on  
    stream 
a
 
       
 
Ratio CH4 formed to 
CO     converted with 
time on stream 
a
  
 
 20mins     60mins   20mins     60mins  
  
 
2.5 % Co-N/SiO2(SIM) 
      
     350                  
  
40.4          - 
  
0.6            - 
       
 
     450                     30.1          -  0.7            -  
 
 
     550                                        14.2 -  1.0            -  
 
2.5 % Co-N-Ru/SiO2(SIM) 
      
     350                  
  
29.2          - 
  
0.1            - 
 
 
     450                     7.2          -  0.5            -  
 
 
     550                                        5.7 -  0.5            -  
 
5 % Co-N/SiO2(SIM) 
      
     350                  
  
55.5        22.2 
  
0.1           0.2 
 
     450                     37.9        38.7  0.2           0.2 
 
     550                                        13.8 11.5  0.3           0.4 
5 % Co-N-Ru/SiO2(SIM) 
      
     350                  
 
24.5        27.2  
 
0.2           0.2 
 
     450                     27.4        18.4  0.2           0.4 
 
     550                                        18.4 18.6  0.4           0.4 
10 % Co-N/SiO2(SIM) 
      
     350                  73.3        78.9  
 
0.1           0.1 
 
     450                     81.6        82.8  0.1           0.1 
 
     550                                        36.6 30.8  0.1           0.2 
10 % Co-N-Ru/SiO2(SIM) 
      
     350                  
 
89.0        83.8  
 
0.1           0.1 
 
     450                     78.0        79.3  0.1           0.1 
 
     550                                        79.7 30.3  0.1           0.1 
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Here, it was suggested that ruthenium inhibits the formation of unreduced cobalt oxides (Co
2+
 
or Co
3+
 species) which can catalyse the water gas shift reaction so as to increase the ratio of 
H2/CO on the surface of cobalt active sites which eventually causes hydrogenation of carbon 
monoxide leading to more methane formation [25, 27]. It can also be seen that the catalyst 
containing ruthenium except 2.5 % Co-N-Ru/SiO2(SIM) catalyst has better catalytic 
performance. Although, CO conversion of 5 % Co-N/SiO2(SIM) seems to be slightly higher 
than 5 % Co-N-Ru/SiO2(SIM) catalyst but overall Ru-promoted catalyst has better catalytic 
activity in terms of its confidence limit. The better catalytic performance of the promoted 
catalyst is likely due to ruthenium forming Ru-Co bimetallic particles and to help decrease 
the amount of unreduced Co
2+
 and Co
3+
 species leading to an enrichment of more cobalt 
active sites on the surface of the catalyst support [24, 27].  
The results demonstrate in-line with other works that the presence of ruthenium retards 
methane formation and improves catalytic performance of silica-supported cobalt based 
catalyst used for Fischer-Tropsch synthesis [24-25, 27].  
 
6.2. Conclusions  
Catalytic behaviour of all the catalyst prepared in this work was evaluated using high 
temperature low pressure Fischer-Tropsch synthesis. On examining what the influence of 
preparation method, cobalt content, temperature and time on stream would have on the 
catalytic performance of the catalyst, it was found that silica-supported cobalt based catalyst 
prepared by the novel (swelling in method) were slightly more active, generated less amount 
of methane and was less susceptible to deactivation by sintering and carbon deposition 
compared to the catalyst synthesized by incipient wetness technique. Silica-supported cobalt 
catalyst prepared by the swelling in method with 5 w/w % cobalt content was more active 
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than the catalyst containing 2.5 and 10 w/w % content. PDMS supported cobalt catalyst 
prepared by the swelling in method is the least active, which from every indication the choice 
of the polymeric support must have contributed to its poor catalytic behaviour. Silica-
supported cobalt nanoparticles catalyst prepared by colloidal and swelling in methods 
demonstrated the highest catalytic activity with the least amount of methane in comparison to 
the rest silica-supported cobalt based catalyst studied in this thesis. Catalytic activity of silica-
supported iron and nickel based catalyst prepared by the swelling in method were also tested. 
It was observed that the catalyst were also quite active in the chosen reaction conditions and 
as expected, silica-supported nickel catalyst generated the highest amount of methane in view 
of all the silica-supported catalysts that were investigated. On the discussion of cobalt 
precursor affecting catalytic performance of silica-supported cobalt based catalyst prepared 
by the swelling in method. It was shown that the catalyst prepared from cobalt nitrate is more 
active than the ones synthesized from cobalt acetate. Catalytic behaviour of ruthenium 
promoted silica-supported cobalt catalyst was also considered and it was found that the 
presence of ruthenium inhibited methane formation in comparison to the catalyst without 
ruthenium.  
In overall conclusion, it has been shown that temperature and time on stream have effect on 
catalytic performance of the catalyst prepared by the swelling in and incipient wetness 
impregnation methods. The catalyst synthesized by the colloidal technique coupled with the 
swelling in method generated the least amount of methane and was the most active of all the 
catalysts studied in this thesis. Cobalt precursor and the addition of ruthenium influenced 
catalytic behaviour of silica-supported cobalt based catalyst prepared by the swelling in 
method.     
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CHAPTER 7  
General conclusions and future work  
       
This chapter covers summary of all the results presented in this thesis as well as 
recommendations for future work.  
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7.1. General conclusions 
The overall objective of this work was to develop an alternative and novel method for the 
synthesis of silica-supported cobalt catalyst for Fischer-Tropsch synthesis 
In chapter 4, a preliminary study on thermal synthesis and characterisation of porous silica 
using Polydimethylsiloxane (PDMS) as the starting material was reported. The results 
obtained showed that when PDMS is isothermally heat treated at a certain temperature for 
almost 24 hours, it only decomposes from its initial flexible state to brittle due to loss of 
plasticizers without conversion to SiO2. FTIR, XRD and nitrogen adsorption characterisation 
confirmed thermal characterisation data that PDMS undergoes complete conversion from its 
polymeric form to porous silica at temperature range between 450 and 500°C. Synthesized 
porous silica at this temperature range also has the best surface area and pore volume. 
Isothermal studies on the synthesized porous silica indicated that increase in isothermal time 
at constant temperature as well as increase in temperature at a constant time has adverse 
impact on its textural properties. Nitrogen adsorption desorption isotherm of the silica 
powder suggested that it is microporous with the presence of some mesopores. Meanwhile, it 
was considered that this same approach used in preparing silica powder could be very viable 
as a one-step synthesis of silica-supported catalyst for Fischer-Tropsch synthesis.  
In chapter 5, the swelling in method was successfully employed to prepare silica-supported 
cobalt, iron and nickel based Fischer-Tropsch catalyst where the oxidative thermal 
characterisation results showed that the initial PDMS support for the catalyst prepared by the 
swelling in method and calcined in air decomposed to silica powder. PDMS supported cobalt 
based catalyst was also thermally decomposed under vacuum in the presence of only nitrogen 
and it was discovered that the polymeric form of PDMS was still retained. Data from FTIR 
and XRD confirmed thermal characterisation results. Consistency in reduction of surface area 
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and pore volume by the entire catalyst prepared by the swelling in method as percentage 
loading of the different metals increases suggested that oxides of the metals were present 
inside the silica pores. The same trend was displayed by silica-supported cobalt based catalyst 
prepared by the incipient wetness method. Meanwhile, nitrogen adsorption – desorption 
analysis showed that the catalyst synthesized by the swelling in method has the highest 
surface area and pore volume compared to the catalyst prepared by the incipient wetness 
impregnation method. The estimated values obtained for XRD particles sizes of all 
synthesized silica-supported cobalt based catalyst using both the swelling in and incipient 
wetness impregnation methods has previously been demonstrated to be in good agreement 
with experimental values. Typical isotherms and BJH distribution for pore size of the catalyst 
prepared by the swelling in and incipient wetness methods indicated that most of them are 
microporous with the presence of mesopores. 
In chapter 6, results obtained from catalytic activity in Fischer-Tropsch synthesis of the 
catalyst prepared using both the swelling in and incipient wetness impregnation methods 
suggested that the routes of synthesis, cobalt content and reaction temperature and time on 
stream had influence on the catalyst performance. Here, it was shown that silica-supported 
cobalt catalyst prepared by the swelling in method was slightly more active, generated less 
methane and less susceptible to deactivation by sintering and carbon deposition in 
comparison to the catalyst prepared by the incipient wetness impregnation method. Silica-
supported cobalt catalyst prepared by the swelling in method with cobalt content of 5 w/w % 
was more active than the catalyst containing 2.5 and 10 w/w %. Catalytic performance of 
PDMS supported cobalt catalyst prepared by the swelling in method indicated that it is not 
very promising for Fischer-Tropsch synthesis reaction. Silica-supported cobalt nanoparticles 
catalyst prepared by the colloidal and swelling in methods demonstrated the highest catalytic 
activity with the least amount of methane in comparison to the rest silica-supported cobalt 
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based catalyst studied in this thesis. Catalytic activity of silica-supported iron and nickel 
based catalyst prepared by the swelling in method were also found to be quite active except 
that one of the silica-supported iron catalyst deactivated quite rapidly as temperature and time 
on stream increases which suggests the possibility of sintering or carbon deposition on the 
surface of metallic iron phases. On the discussion of cobalt precursor affecting the catalytic 
performance of synthesised silica-supported cobalt based catalyst. It was shown that the 
catalyst prepared from cobalt nitrate is more active than the catalyst synthesized from cobalt 
acetate. Finally, it was observed that the presence of ruthenium seems to minimise methane 
formation in comparison to the catalyst without ruthenium. In view of these results, some 
possible recommendations were made for future work.  
 
7.2. Recommendations for future work   
To carry out quantitative catalytic performance testing of silica-supported cobalt based 
catalyst prepared by the swelling in method using an ideal Fischer-Tropsch reaction condition 
which entails low temperature and high pressure in a fixed bed reactor. The catalyst should be 
used to study external mass transfer limitation, so as to find out the optimum reaction 
conditions that will readily encourage higher hydrocarbons chain growth formation.  
The swelling in method should be used to synthesize and characterise bimetallic catalyst 
using cobalt, iron, nickel, platinum and palladium metals and be used to study the influence 
of varying each metal composition, optimum percentage loading of catalyst on the support, 
precursor and promoters (Ru, Re, Pt and Pd) on catalytic performance. Meanwhile, another 
study that will be worth carrying out, is to examine the extent of catalytic deactivation in 
Fischer-Tropsch synthesis by employing XRD, SEM and other surface chemistry related 
analytical techniques.  
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Appendix 
       
This section includes appendices showing a typical worked example of percentage cobalt 
content in silica as catalyst support, Mass Spectrometry diagram of ion current against 
temperature and time of 10% Co-A/SiO2(SIM) catalyst in Fischer-Tropsch synthesis, T-plot of 
porous silica powder synthesized from polydimethylsiloxane, BJH distribution of pore size 
for silica-supported cobalt, iron and nickel based catalyst prepared by the swelling in method 
as well as that of silica-supported cobalt  catalyst prepared by incipient wetness impregnation 
technique. It also contains a typical worked examples to show percentage CO conversion, 
CH4 formation as well as the ratio of CH4 formed to CO converted of 10% Co-A/SiO2(SIM) 
catalyst and a typical N2 adsorption-desorption isotherm of porous silica synthesized from 
PDMS. 
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Appendix 1 
A typical worked example to show calculation of 10 wt.% of cobalt content in PDMS (which 
decomposed by oxidation to silica) using cobalt (II) acetate tetrahydrate. 
3.86g of cobalt (II) acetate tetrahydrate was dissolved in 5ml of methanol to obtain 3.1 mol/L 
solution. 
Molecular weight of cobalt (II) acetate tetrahydrate = 249.08g/mol  
Molar mass of cobalt = 58.933g/mol 
Amount of cobalt present in 3.86g of dissolved cobalt salt  
= 3.86g/mol × 58.933g/mol ÷ 249.08g/mol = 0.9134615g of Co 
Mass of PDMS as initial support of catalyst = 8g 
Therefore, 10 wt.% of silica-supported cobalt catalyst  
= 0.9134615 ÷ (0.9134615 + 8) × 100 = ≈10.3%     
This worked example was used to calculate percentage by weight of all the catalysts studied 
in this thesis     
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Appendix 2 
A typical mass spectrometry plot of ionic current of CO and methane against temperature and 
time of 10% Co-A/SiO2(SIM) catalyst in Fischer-Tropsch synthesis 
 
 
 
 
 Appendix 3 
A typical worked example to show calculation of percentage CO conversion using 10% Co-
A/SiO2(SIM) catalyst at 350°C held for 20 mins on stream. 
CO conversion / % = normalised ion current level of 
CO (before reaction - after reaction) 
 CO (before reaction)
 × 100    
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FT synthesis of 10% Co-A/SiO2(SIM) at 350, 450  
and  550°C held for 20 and 60mins respectively  
at 10° C with a flow rate of 30ml/min.  
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Relative sensitivity of CO = 1.05 
Normalised ion current level of CO = 
Ion current of CO 
Relative sensitivity of CO 
  
Ion current level of CO before reaction = 9.14 × 10
-8
 
Normalised ion current level of CO before reaction = 8.70 × 10
-8
 
Ion current level of reacted CO at 350°C held for 20 mins on stream = 7.61 × 10
-8
 
Normalised ion current level of reacted CO at 350°C held for 20 mins on stream = 7.25 × 10
-8
  
Hence,  
CO conversion / % = 
(8.70 ×  10-8 - 7.25 × 10-8) 
(8.70 ×  10-8)
 × 100 = 16.7% 
Therefore, 
CO conversion (%) of 10% Co-A/SiO2(SIM) at 350°C for 20 mins on stream = 16.7%  
 
Appendix 4 
A typical worked example to show calculation of CH4 formation in percentage using 10% 
Co-A/SiO2(SIM) catalyst at 350°C held for 20 mins on stream. 
CH4 formation / % = normalised ion current level of 
 (CH4 formed) 
 ( CH4 formed + CO after reaction)
 × 100  
Relative sensitivity of CH4 = 1.6 
Normalised ion current level of CH4 = 
Ion current level of CH4 
Relative sensitivity of CH4 
  
Ion current level of methane formed = 4.09 × 10
-9
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Normalised ion current level of methane formed = 2.56 × 10
-9       
Hence,  
CH4 formation / % = 
 (2.56 × 10-9 ) 
 ( 2.56 × 10-9  + 7.25 × 10-8 )
 × 100  = 3.41% 
Therefore, 
CH4 formation (%) of 10% Co-A/SiO2(SIM) at 350°C for 20 mins on stream = 3.41%  
 
Appendix 5 
A typical worked example to show calculation of ratio of CH4 formation to CO conversion 
using 10% Co-A/SiO2(SIM) catalyst at 350°C held for 20 mins on stream. 
 
Ratio of CH4 formation to CO conversion = 
 CH4 formation / %
 CO conversion / %
 
 
Hence, 
Ratio of CH4 formation to CO conversion = 
 3.41
 16.7
= 0.2 
 
Therefore, 
Ratio of CH4 formation to CO conversion using 10% Co-A/SiO2(SIM) catalyst at 350°C held 
for 20 mins on stream = 0.2 
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Appendix 6 
A typical t-plot of porous silica powder synthesized from PDMS heated at 10°C min
-1
 from 
50 to 500°C. 
Appendix 7 
A typical BJH pore size distribution of cobalt based silica-supported catalyst synthesized by 
the swelling in method  
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Appendix 8 
A typical BJH pore size distribution of cobalt based silica-supported catalyst synthesized by 
incipient wetness impregnation method  
 
 
 
Appendix 9 
A typical BJH pore size distribution of silica-supported cobalt nanoparticles catalyst 
synthesized by colloidal coupled with the swelling in method  
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Appendix 10 
A typical BJH pore size distribution of silica-supported iron catalyst synthesized by the 
swelling in method  
 
 
 
Appendix 11 
A typical BJH pore size distribution of silica-supported nickel catalyst synthesized by the 
swelling in method  
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